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ABSTRACT 
 
POST-EARTHQUAKE CAPACITY EVALUATION OF DAMAGED 
REINFORCED CONCRETE BUILDINGS COMPOSED OF 
STRUCTURAL ELEMENTS WITH DIFFERENT FAILURE MODES 
 
Hao Linfei 
 
 
After the community is struck by the earthquake, a large number of building structures 
will be damaged in different levels. During the consequent restoration and reconstruction, 
the post-earthquake decision-making requires an appropriate and practical residual 
seismic capacity evaluation of the damaged buildings.  
In Japan, a residual seismic capacity evaluation procedure has already been 
recommended by the Standard of Damage Evaluation of Seismic Damaged Buildings, 
which has been widely applied in the past earthquakes. In the procedure, the seismic 
capacity deterioration of the elements in different damage levels are considered by the 
seismic capacity reduction factor, η. Then the residual seismic capacity ratio of the 
structure, R, is calculated by weighted average of η of the elements, and the weighting 
coefficient of each element is considered to be the ultimate strength. That means in this 
standard method, performance deterioration of the damaged elements is simply 
considered as strength deterioration, and the contribution of each element to the structure 
is considered only by their strength.  
However, the deterioration due to damage is considered to occur in not only the 
strength but also the deformation and damping capacity of the elements. On the other 
hand, as the residual seismic capacity of the structure is originally considered from the 
residual internal work by the standard method, when R is calculated by the weighted 
average of η, the weighting coefficient should be considered from the energy dissipation 
of the elements. Obviously, the energy dissipation of the elements are decided by not only 
the strength but also the deformation and damping capacity. In the standard method, for 
the sake of simplicity, the influence of deformation and damping capacity, is ignored. 
Because of this, although the standard evaluation method has been applied on a large 
number of damaged buildings in the past earthquakes, there were still a number of 
buildings on which the application of the standard evaluation method was difficult, such 
as the buildings composed of elements with different failure modes and having 
ambiguous collapse mechanism. 
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The main objective of this research is to upgrade the residual seismic capacity 
evaluation method of the current standard for higher accuracy and wider range of 
application. The target buildings considered in this research is mainly the seismic 
damaged reinforced concrete (RC) buildings that collapse in total collapse mechanism, 
story collapse mechanism and partial collapse mechanism, and composed by both of the 
elements with flexure and shear failure mode. That is, compared with the standard method, 
the upgraded methods proposed by this research is considered to be effective for a wider 
range of damaged building. 
 
Two levels of method for the residual seismic capacity evaluation are proposed and 
investigated, namely the detailed evaluation method based on seismic response spectrum 
by using pushover analysis, and the simplified evaluation method based on the internal 
work of structure without need of numerical analysis. The response spectrum based 
method is considered as a relatively accurate method giving the reference value of the 
residual seismic capacity ratio, R. In this method, the residual seismic capacity ratio is 
defined as ratio of the seismic capacity indicator corresponding to the structures before 
and after damaged by an earthquake. The deterioration in strength, deformation and 
damping capacity are separately considered by reducing the element models in the 
pushover analysis to establish models of the damaged structures. At the same time, the 
difference of deformation and damping capacity among the elements, due to the element 
clear span, the distribution of inter-story drift, and the different failure modes, are 
considered by the pushover analysis. Based on the seismic capacity indicator, dominant 
failure mode of the target structures are judged between flexural and shear failure mode, 
accordingly the structural residual seismic capacity ratio are calculated. The residual 
seismic capacity ratio is investigated by considering various characteristics of the 
structure and the ground motions. Validity of the response spectrum based method is 
verified by comparing the evaluation results with another evaluation method by using 
time history analysis, which is considered to have high accuracy.  
On the other hand, the internal work based method is proposed aiming at the practical 
application in the post-earthquake field survey, which can overcome the limitations of 
standard method and give a more accurate estimation on the reference value of R. In this 
method, the residual seismic capacity ratio is defined as ratio of the structural internal 
work with and without seismic damage. The deterioration in strength, deformation and 
damping capacity are considered by replacing the seismic capacity reduction factor, η, by 
ηW, which is defined as the residual ratio of hysteretic energy dissipation of the damaged 
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elements, and can be evaluated based on the reduction in strength, deformation and 
damping capacity. At the same time, the influence of different deformation and damping 
capacity on the weighting coefficient of the elements, due to the element clear span, the 
distribution of inter-story drift, and the different failure modes, are considered by the 
correction factors attached to the weighting coefficient of each element. Validity of the 
internal work based method is verified by comparing the evaluation results with the 
response spectrum based method, of which the evaluation results are considered as the 
reference values.  
The proposed residual seismic capacity evaluation methods, namely the detailed 
response spectrum based method and the simplified internal work based method, are 
applied on the real seismic damaged buildings to demonstrate their applicability. The 
selected objective buildings have different collapse mechanisms, and composed by both 
the elements with flexure and shear failure mode. The evaluation results of the proposed 
methods are compared with the current standard method. By taking the results of the 
response spectrum based method as the reference value of residual seismic capacity ratio, 
the proposed simplified method is demonstrated to be more effective than the standard 
method by taking the influence of deformation and damping capacity into consideration. 
 
The thesis is organizes into five chapters with the following contents: 
 
Chapter 1: Introduction 
This chapter presented the background, objective and significant of this research. The 
necessity of post-earthquake residual seismic capacity evaluation was emphasized. Based 
on this, development of the residual seismic capacity evaluation methods in abroad and 
Japan was briefly reviewed, and the evaluation method adopted in the current damage 
evaluation standard of Japan was described. From experimental data of the RC column 
and the real damage state of the school building damaged in the Great East Japan 
Earthquake, the limitations exist in the current standard method were explained, that is 
considering the performance deterioration of the damaged elements only by their strength, 
and ignoring the influence of different deformation and failure mode among the elements. 
These limitations may lead to inappropriate evaluation for the structures composed of 
elements with different failure mode. Aiming at this problem, the research objective was 
presented as to develop residual seismic capacity evaluation method that is effective for 
the RC buildings composed of both flexural and shear elements. Then outline of the 
research approach, as well as organization of this thesis was introduced. Finally, some of 
the related previous researches which concern structural residual seismic capacity, 
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performance deterioration of damaged elements and seismic capacity evaluation for 
structures compose by flexural and shear elements, are briefly reviewed. 
 
Chapter 2: Response spectrum based residual seismic capacity evaluation method 
The detailed evaluation method based on response spectrum is presented and 
investigated in Chapter 2. At first, the evaluation procedure for the structure only 
composed of flexural elements were described. The deterioration in strength, deformation 
and damping capacity due to seismic damage are considered by modifying the damaged 
elements’ models with seismic performance reduction factors for strength, deformation 
and damping capacity. In the next, this procedure was expanded to be applicable for the 
structures composed of both flexural and shear elements. Based on the SCIs at shear and 
flexural element ultimate point, the judgement index of structural dominant failure mode, 
Md, was defined and according to which the structures are judged to be dominant by 
flexural or shear failure mode. The structural residual seismic capacity ratios are then 
calculated according to dominant failure mode of the structures. Definition and 
determined values of the seismic performance factors given by the previous research, 
which were utilized in the above procedures and also the following research in this thesis, 
were reviewed after that.  
Then as discussions on the characteristics of structural residual seismic capacity ratio, 
R, based on single degree of freedom (SDOF) system, influence of response spectrum 
characteristics and structure characteristics on R were investigated. It is found that effect 
of the deterioration in strength, deformation and damping capacity on R are influenced 
by the ground motion characteristics. At the same time, with the increase of earthquake 
intensity, R of structures with different characteristics decrease in different way.  
At last, evaluation results of the response spectrum based method were compared 
with the residual seismic capacity ratio evaluated by using nonlinear dynamic analysis, 
based on SDOF systems. In the results of dynamic analysis, significant dispersion was 
observed among different ground motions. On the other hand, results of the response 
spectrum based method were at the lower limits of the dynamic analysis results, 
regardless change of the SDOF systems. Also considering the difficulty of carrying out 
dynamic analysis on frame models including shear elements, in the following research 
based on frame models, evaluation results of the response spectrum based method were 
taken as the reference values of R. 
 
Chapter 3: Internal work based residual seismic capacity evaluation method 
As the final goal of this thesis, the simplified method based on internal work was 
ABSTRACT 
IX 
 
proposed and verified in Chapter 3. At first, seismic capacity reduction factors of 
damaged structural elements were redefined based on hysteretic energy dissipation, in 
which strength, deformation and damping capacity of the elements can be all considered. 
In the next, correction factors of elements’ weighting coefficients were introduced in 
order to consider the influence from various element deformations (βL, βD) and different 
element failure modes (βS, βF). To judge the structural dominant failure mode without 
pushover analysis, the simplified method for estimating the judgement index, Md, was 
proposed. After failure mode and damage class of the elements, as well as collapse 
mechanism of the structures are determined in the post-earthquake investigation, based 
on some other information such as strength, sizes and the correction factors of each 
element, the R can be calculated without pushover analysis. 
Then estimation accuracy of the proposed internal work based method was verified 
by comparing its results with the reference values given by the response spectrum based 
method, as well as results of the current standard method. Based on series of frame models 
composed only by flexural elements, estimation accuracy of the internal work based 
method and effectiveness of the element deformation correction factors were verified. 
Without consideration of the various element deformation, the current standard method 
may overestimate R. Also, estimation accuracy of the internal work based method and 
effectiveness of the failure mode correction factors were verified based on series of frame 
models composed of both flexural and shear elements. The current standard method may 
underestimate R by ignoring influence of the different failure modes. Furthermore, the 
weighting coefficient of each elements in the internal work based method were shown to 
be considered more appropriately owing to the correction factors. 
 
Chapter 4: Application of residual seismic capacity evaluation methods on the real 
seismic damaged buildings 
In order to show the applicability of the proposed response spectrum based method 
and internal work based method on real seismic damaged buildings, as well as higher 
effectiveness of the internal work compared to the current standard method, the three 
evaluation methods here were applied on the real seismic damaged RC buildings. Three 
real RC building damaged in the Great East Japan Earthquake and one assumed seismic 
damaged building were investigated. Application procedures of the evaluation methods 
on real damaged buildings were described at first. Then the necessary structural and 
damage information of the target buildings were introduced.  
The low-rise building A with most of the elements failed in shear was judged to be 
typical shear dominant structure and its residual seismic capacity reduced significantly 
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due to severe damage at the shear elements. On the other hand the middle-rise building B 
with less shear elements and global collapse mechanism was judged to be typical flexure 
dominant structure and it still kept high residual seismic capacity after some of the shear 
elements were severely damaged. In the case of building C, although the shear elements 
were not dominant in number, but due to the other factors such as short period and story 
collapse mechanism, the building was judged to be dominated by shear failure mode and 
close to the critical state of the dominant failure modes. Its residual seismic capacity 
reduced a lot due to severe damage in the shear elements. In the assumed building D, 
some of the shear elements of building C were replaced by flexural ones by assuming the 
slits functioned effectively. Owing to this the structural dominant failure mode changed 
from shear failure to flexure failure, and it is shown that the residual seismic capacity is 
possible to be significantly enhanced through the effective slits.  
Even though the target damaged buildings are different in dominant failure mode and 
collapse mechanism, in the proposed internal work based method, the values of 
judgement for dominant failure mode, Md, were estimated accurately and conservatively, 
by the proposed simplified method. At the same time, the residual seismic capacity ratio, 
R, estimated by the internal work method also had higher accuracy than the current 
standard method, which tended to underestimated R of the flexure dominant structures. 
Estimation error of the current standard method becomes bigger when the flexure 
structures are close to the critical state of dominant failure modes. 
 
Chapter 5: Conclusion 
In this chapter, the conclusions found in Chapter 2, 3 and 4 were summarized, and 
the suggestion for future research was presented. At first, although based on nonlinear 
dynamic analysis of SDOF systems, validity of the response spectrum based method has 
been verified preliminarily verified, but in order to include the influence of higher degree 
of vibration modes, the study could be extended to multi degree of freedom (MDOF) and 
frame models composed of flexural and shear elements. Also in the response spectrum 
based method, safety limit of the structures are determined according to the dominant 
failure modes, in which only the collapse due to lateral force is considered. For a more 
comprehensive and accurate evaluation of residual seismic capacity, further works are 
needed to take the safety limit related to axial collapse (the “second kind of structural 
elements”) into account. Furthermore, beyond the three real seismic damaged buildings 
investigated in this thesis, the proposed internal work based method based on various 
assumptions should be applied on more damaged buildings with diverse characteristics in 
order to further verify its effective and discuss about its range of application.
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Chapter 1 
Introduction 
 
 
1.1 Research background 
After the earthquake strikes the community, a large number of building structures will be 
damaged in different levels. For dealing with the damaged structures, various alternatives 
ranging from the continuous occupancy without any repair to the building replacement 
are available. During the consequent repair, re-occupancy and recovery, the post-
earthquake actions should be decided based on safety level of the target damaged 
buildings and the balance with costs. Specifically, in order to guarantee safety of the target 
building against the possible aftershock and future earthquakes, necessity and feasibility 
of repair and strengthening need to be decided and planned appropriately. In that case, 
appropriate and practical evaluation of residual seismic capacity of the damaged 
structures becomes necessary.  
 
1.1.1 Development of the residual seismic capacity evaluation method 
In order to facilitate the post-earthquake decision making, the FEMA 308[1] 
introduced a performance-based policy framework for making the decision of repair or 
strengthen, which considers the performance index (IP) of the building at its intact and 
damaged state, and the relative performance loss (PL) as significant indicators. The 
FEMA 308 [1] also proposed a pushover based procedure for residual seismic capacity 
evaluation of damaged buildings, where the behavior of damaged buildings could be 
simulated by suitably modifying the plastic hinges for the damaged elements. Some other 
evaluation procedures have been also propose for both steel[2][3] and RC buildings[4]~[7]. 
Most of these proposals requires nonlinear time history analysis or pushover analysis, and 
the execution of these detailed evaluation procedures is considered to be unrealistic in an 
emergency situation after an earthquake. A simplified method based on collapse 
mechanism of the damaged structure is proposed[5] as an easier and faster tool. However 
in this preliminary study, coexisting of the elements fail in flexure and shear is not 
involved and the only specific simple collapse mechanisms are considered as the 
objectives. 
In Japan, residual seismic capacity evaluation has been standardized in 1991, namely 
the first edition of the Standard of Damage Evaluation of Seismic Damaged Buildings[8] 
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published by the Japan Building Disaster Prevention Association. The damage rate index 
(D index) was adopted for evaluation of the post-earthquake damage level and seismic 
capacity of the building. This evaluation method has been applied in the earthquake 
damage investigation after the Hyougoken Nanbu earthquake in 1995, in which severe 
damage occurred at the RC buildings especially those designed by the old code before 
1981. Nevertheless, it was found that part of the damage level assessment results disagree 
with the comprehensive judgment from the experts, and the reason is considered to be the 
deficiency of the evaluation method that the D index has no clearly defined physical 
significant.  
Against this background, and by learning from the previous seismic disasters, the 
revised edition[9] of reference [8] was released in 2002, and the residual seismic capacity 
ratio, R, was induced by this standard as a quantitative index of the residual seismic 
capacity for the seismic damaged RC buildings. The [9] is based on the researches of 
Bunno et al.[10][11], in which the physical significance of the residual seismic capacity ratio, 
R, is defined. The evaluation procedure given by the reference [9] has been widely applied 
in the earthquake damage investigation after the past seismic events such as the Nigataken 
Chuetsu earthquake in 2004 and the Iwate Miyagi Nairiku earthquake in 2008. The 
evaluation result facilitated the decision-making about possibility of continuous 
occupancy and necessity of repair or replacement aimed at the damaged buildings. 
However, the evaluation method given by the reference [9] is based on the assumption of 
the story collapse mechanism that happens at the relatively weak story, and this collapse 
mechanism is usually observed at the RC buildings designed according to the old design 
code before 1981. The RC buildings designed and built after 1981 according to the 
relatively new codes generally are expected to collapse in the global mechanism which 
means the yielding is generated at ends of the beams and the structure deformations and 
collapses as a whole. Damaged structures with global collapse mechanism are expected 
to be found more and more in the damage investigation of the future earthquake, but not 
involved by the reference [9]. 
In order to expand the application scope of the evaluation method, and to include the 
new lessons from the earthquakes happened after 2001, as well as the outcomes of the 
latest research, the reference[9] has been revised again in 2015[12]. The evaluation method 
for the damaged building structures with global collapse mechanism is included, which 
is based on the research of Bao et al[13].  
1.1.2 Evaluation method in Japanese current standard and its limitation 
The current Standard of Damage Evaluation of Seismic Damaged Buildings[12] 
introduces two evaluation methods for the damage structure collapses in story mechanism 
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and global mechanism respectively. As shown in Fig. 1-1 (a), the story collapse 
mechanism is formed by the hinges locate at the vertical elements due to yielding of the 
reinforcement, and featured by deformation and damage concentrating at the collapse 
story. On the other hand, the global collapse mechanism shown in Fig. 1-1 (b) is formed 
by the hinges locate at the ends of beams and base of the vertical elements, and featured 
by deformation and damage spreading in the whole structure.  
 
 
(a) Story collapse mechanism 
 
(b) Global collapse mechanism 
Fig. 1 - 1 Collapse mechanism considered by the standard evaluation method 
 
For the structure collapses in story and global mechanism, its residual seismic 
capacity ratio, R, can be simply calculated by Equation (1.1) and (1.2) respectively. 
 i ui
ui
Q
R
Q

   (1.1) 
 i ui
ui
M
R
M

   (1.2) 
where ηi is the seismic capacity reduction factor, of which the value can be decided after 
the damage class (form I to V) is judged according to damage state of the element. Qui 
and Mui are respectively the ultimate shear force of the vertical elements and the ultimate 
bending moment at the hinges. That is to say, the standard method calculates R as the 
weighted average of ηi of the damaged elements, and the weighting coefficient of each 
element is considered to be their ultimate strength. That means in the standard method, 
capacity deterioration of the damaged elements is simply considered as strength 
deterioration, and the contribution of each element to the structural seismic capacity is 
considered only by their strength. 
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(a) Shear force-displacement relationship 
 
(b) Damage of the specimen 
Fig. 1 - 2 Result of the first time of pseudo-dynamic loading 
 
 
(a) Shear force-displacement relationship 
 
(b) Damage of the specimen 
Fig. 1 - 3 Result of the second time of pseudo-dynamic loading 
 
However, the deterioration due to damage is considered to occur in different 
performances of the elements. As shown in Fig. 1-2 and Fig. 1-3, after the column 
specimen suffered damage from the first time of pseudo-dynamic loading, in the second 
time of pseudo-dynamic loading, the shear force-displacement relationship changed a lot 
compared to the static loading result. It can be seen from the figures that strength and area 
of the hysteretic loop that is related to the damping capacity deteriorated due to the 
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damage. After the earthquake, deterioration in deformation capacity of the damaged 
elements also should be considered because of the residual deformation and dissipated 
energy. Concerning the structural seismic capacity under the large earthquake, the 
performance deterioration is mainly considered in strength, deformation capacity and 
damping capacity of the elements and structure. In order to more detailed residual seismic 
capacity evaluation, the different performance deteriorations are expected to be 
considered separately. 
 
 
(a) The school building damaged in the Great East Japan Earthquake 
 
 
(b) Damage calss and failure mode of the columns in the first story 
Fig. 1 - 4 Result of the second time of pseudo-dynamic loading 
 
On the other hand, the structural residual seismic capacity is originally considered by 
the standard method from the residual internal work, and the decrease of internal work is 
evaluated by reduction of the energy dissipation of the damaged elements. Therefore, to 
R of the structure, contribution of each element should be considered as the energy 
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dissipation, which is effected by not only the strength, but also the deformation and 
damping capacity. The clear span and the distribution of inter-story drift obviously change 
the deformation of elements. At the same time, the different failure modes (e.g. shear 
failure mode and flexural failure mode) make the deformation and damping capacity of 
the elements to be different. Different deformation and failure mode lead to different 
energy dissipation of the elements, and consequently have influences on their contribution 
to the structural R.  
A school building damaged in the Great East Japan Earthquake is shown in Fig. 1-4, 
failure mode of the columns can be judged from the damage state and obviously flexural 
and shear failure both existed. This kind of damaged structure containing mixed failure 
modes is usually found especially in those buildings deigned by the older codes. The 
standard method ignores the influences of element deformation and failure mode for the 
sake of simplicity, which may cause inappropriate evaluation result in some cases and 
limit the application scope of the standard method. 
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1.2 Objective and organization 
 
1.2.1 Objective  
Against the research background mentioned before, the main objective of this research is 
to develop residual seismic capacity evaluation method that is effective for the 
seismic damaged RC buildings composed of elements with flexural and shear failure 
mode, based on strength, deformation and damping capacity of the element. 
 
Toward this end, the following researches are carried out: 
(1) Proposal of detailed evaluation method based on seismic response spectrum. 
As a relatively detailed and accurate method, the evaluation method based on seismic 
capacity spectrum by using pushover analysis is introduced. Deteriorations in strength, 
deformation and damping capacity of the damaged elements are considered separately. 
Difference of deformation and failure mode among the elements can be also considered 
by pushover analysis. Influence of various characteristics of the structure and the ground 
motions on the evaluation result is investigated. By comparing with the evaluation result 
by time history analysis, the response spectrum based method is verified. The detailed 
method are utilized to give the reference value of residual seismic capacity ratio for 
discussing accuracy of the simplified method, and it can also be utilized for detailed 
evaluation when necessary. 
 
(2) Proposal of simplified evaluation method based on structural internal work. 
As a practice oriented method for earthquake damage investigation, the simplified 
method based on structural internal work is introduced. The residual seismic capacity 
ratio, R, can be calculated by weighted average of the seismic capacity reduction factor, 
ηW, of each damaged element. Deteriorations in strength, deformation and damping 
capacity of the damaged elements are considered by ηW, and influence of element 
deformation and failure mode are considered in the weighting coefficient. The proposed 
simplified method is verified by comparing the evaluation result with the detailed method.  
 
(3) Verification of the proposed methods by applying on the seismic damaged 
buildings1-7 
In order to show the applicability of the proposed response spectrum based method 
and internal work based method on real damaged buildings, as well as higher 
effectiveness of the internal work compared to the current standard method, these three 
evaluation methods were applied on the actual damaged RC buildings. Three actual RC 
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buildings damaged in the Great East Japan Earthquake, as well as one more virtual 
damaged building, were investigated. Application procedures of the evaluation methods 
on real damaged buildings were described at first. Then, the necessary structural and 
damage information of those buildings were explained.  
 
1.2.2 Organization of the thesis  
The thesis is organized in to five chapters with the following contents: 
Chapter 1 Introduction 
The research background, objective and organization are described. Also the related 
previous researches are briefly introduced.  
 
Chapter 2 Residual seismic capacity evaluation method based on seismic response 
spectrum 
Procedure of the detailed evaluation method based on seismic response spectrum by 
using pushover analysis is presented. Based on Single Degree Of Freedom (SDOF) 
system, influence of the structure and ground motion characteristics on the residual 
seismic capacity is investigated. Validity of the detailed method is verified by comparing 
the evaluation results with the time history analysis based method. 
 
Chapter 3 Residual seismic capacity evaluation method based on structural internal 
work 
The simplified evaluation method based on structural internal work is presented. By 
applying on the frame models and comparing the evaluation result with the reference 
value given by the detailed method in Chapter 2, effectiveness of the simplified method 
is verified.  
 
Chapter 4 Application of the evaluation methods on the seismic damaged buildings 
The proposed response spectrum based method and internal work based method, as 
well as the current standard method are applied on three actual damaged buildings and 
one more virtual damaged building. Through which applicability and higher effectiveness 
of the proposed methods are concluded. 
 
Chapter 5 Conclusion 
This chapter presents the conclusions from the presented research along with 
suggestion for the future research. 
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1.3 Previous researches 
This part will introduce summary of previous research concerning residual seismic 
capacity.  
 
The JBDPA standard, Pre 2015 
The Guideline for Post-earthquake Damage Evaluation and Rehabilitation (JBDPA) 
originally developed in 1991 considering damaging earthquake experiences in Japan. The 
main objective of the Guideline is to serve as a technical basis and to provide rational 
criteria when an engineer needs to identify and rate building damage quantitatively. An 
inspection engineer first surveys structural damage and performs damage classifications 
of structural members in the most seriously damaged story of a building. The residual 
seismic capacity ratio index R is then calculated and the damage rating of the building 
superstructure, i.e., [slight], [light], [moderate], [heavy], and [collapse] is made. A 
residual seismic capacity ratio index R, which corresponds to building damage, is defined 
as the ratio of capacity of post-damaged to that of pre-damaged condition (i.e., the ratio 
of the residual capacity to the original). The index R is calculated as  
 100%D S
S
IR
I
    (1.3) 
where Is and DIs represent the seismic performance index of the structure before and after 
earthquake damage, respectively. 
 
 
Fig. 1 - 5: Basic Concept of Seismic Capacity Reduction Factor η 
 
Is-index can be calculated based on the concept found in the Japanese Standard for 
Seismic Evaluation (JBDPA), which is most widely applied to evaluate the seismic 
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capacity of pre-damaged existing buildings in Japan. The Guideline recommends to 
calculate DIs-index for a damaged building in the analogous way, considering a seismic 
capacity reduction factor η which is defined as the ratio of the absorbable hysteretic 
energy after an earthquake to the original absorbable energy of structural members as 
illustrated in Fig. 1 - 5. 
R-index was originally developed for a building with story collapse mechanism, 
which is the most typical failure mechanism of reinforced concrete buildings in past 
earthquakes.  
 
JBDPA standard revised in 2015: 
Until 2014, the guideline is developed originally for a story collapse mechanism  
However, total collapse mechanism, which is recommended in current design code and 
guidelines, is found in some middle or high rise buildings damaged by recent earthquakes 
and this type of failure is expected to increase in the future. 
Therefore the guideline is revised based on study by Bao et al. 2010 to introduce 
beam-yielding total collapse mechanism as illustrated in Fig. 1 - 6.  
R-index for total collapse mechanism is evaluated by Equation (1.4), which gives a 
ratio of internal work at plastic hinges in virtual work method before and after an 
earthquake. 
 ui i
ui
i
MR
M
    (1.4) 
Where, Mui: ultimate flexural moment at yielding hinge in mechanism. 
 
 
Fig. 1 - 6: Typical collapse mechanism of frame structures 
 
Miura and Maeda 2012 
In addition to JBDPA standard, Miura & Maeda introduced an evaluation method using 
a pushover analysis. The proposed method is supposed to be more accurate by calculating 
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contribution of each structural element to the performance of the whole structure was 
proposed based on strength, displacement and energy dissipation.  
A contribution factor of a structural element, Er, is defined as a factor which 
represents contribution of deterioration in seismic capacity of a structural element due to 
damage to residual seismic performance for total structure. In this paper, a contribution 
factor, Er, is evaluated based on seismic capacity index which can be obtained by push-
over analysis and capacity spectrum method. 
Detail of evaluation of a contribution factor, Er, is as follows;  
A frame with plastic hinge and flexural moment distribution as shown in Figure 3(a) 
is considered as an example. One of the plastic hinges is selected as a damaged area as 
shown in Figure 3 (b). Push-over analyses of both un-damaged and partial damaged 
model are carried out. Obtained story shear – displacement curves are reduced to an 
equivalent single-degree-of-freedom systems for both models as shown in Figure 4. 
Seismic capacity index α is defined as a ratio of intensity of seismic response for ultimate 
limit state to standard seismic response in the AIJ’s “Guidelines for Performance 
Evaluation of Earthquake Resistant Reinforced Concrete Buildings”. Seismic capacity 
index both for un-damaged model, α, and for partial damaged model, α', are evaluated 
according to the Guideline. Deterioration ratio of the seismic capacity index for each 
plastic hinge, Dr, can be obtained by Eqn. 2.1. A contribution factor, Er, for each plastic 
hinge is given by deterioration ratio, Dr, normalized by the summation of Dr, for all the 
hinges as shown in Fig. 1 - 7 and Equation (1.5) and Equation (1.6) 
 1rD


    (1.5) 
 rr
r
DE
D
   (1.6) 
 
 
Fig. 1 - 7: Story shear capacity concept for Miura`s method  
 
Their proposed method is then uses capacity spectrum method to estimate the 
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residual seismic capacity as illustrated in figure 3.  
 
 
Fig. 1 - 8: Seismic capacity concept for α index in  
undamaged and partial damaged models  
 
Several researchers outside Japan also study the residual seismic capacity.  
Polese et al 2013   
The study by Polese et al uses a pushover analysis with similar concept to previously 
mentioned study of Miura & Maeda 2012. The study investigates the applicability of a 
pushover-based method in the analysis of damaged structures for the case of existing 
under-designed RC buildings using the capacity spectrum method based on inelastic 
demand spectra 
Their method is summarized as the flowchart in Figure 5, referring to framed 
structures, illustrates the basic steps needed to determine the variation in building 
vulnerability from the intact to the different damaged states. (Step 1) Building model, 
global capacity parameters may be determined with pushover analysis performed on a 
lumped plasticity model. (Step 2) Pushover analysis for the intact structure 
&determination of damage states. (Step 3) Constructing the model for damaged buildings. 
For each of the global damage levels. (Step 4)Pushover analysis for damaged buildings 
and (Step 5) evaluation of seismic capacity via capacity spectrum method. Polese et al 
also proposed a simplified method in another study since pushover method takes much 
time and effort in post earthquake surveys. However, their study considers only flexural 
failure of structural components.  
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Fig. 1 - 9: Flowchart illustrating the basic steps of the method of Polese et al 2013. 
 
Bazzurro et al., 2004 
Bazzurro et al presented study for tagging buildings in the aftermath of an earthquake 
and for producing fragility curves that are related to post-earthquake building occupancy 
restrictions (i.e, yellow and red tags). Using the fragility curves with the building site seismic 
hazard provides an estimate of the frequency of future building access restrictions and collapse. 
 
Luco et al., 2004 
This paper uses a case-study building to compare the dynamic and the static approaches to 
computing the residual capacity of a main shock-damaged building, and used the results of the 
dynamic approach to calibrate the static approach. In all of the approaches, residual capacities are 
computed for a range of potential post-main shock damage states obtained via static or dynamic 
analyses.  Based on their study, nonlinear static-pushover approach to computing residual 
capacities is found to underestimate the median results of more accurate nonlinear dynamic 
analyses. By reflecting the dependence observed from the dynamic analyses of residual capacity 
on residual roof drift, a "calibrated" static approach is proposed that computes more consistent 
residual capacities 
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Chapter 2 
Response spectrum based evaluation method 
 
 
2.1 Outline of the evaluation method 
As introduced in Section 1.3, by using pushover analysis, different residual seismic 
capacity evaluation methods[1][2] are proposed by determining the residual seismic 
capacity in different ways. Miura et al.[3] defined the residual seismic capacity ratio by 
the Seismic Capacity Indicator (SCI) that is introduced by Guidelines for Performance 
Evaluation of Earthquake-Resistant RC Buildings[4] of Japan. Along the same line, the 
response spectrum based evaluation method by using pushover analysis, which can 
consider the deterioration in strength, deformation and damping capacity separately, and 
cover the structure with mixed failure modes, is introduced in this chapter. Outline of this 
method is presented as below. 
 
2.1.1 Evaluation of Seismic Capacity Indicator (SCI) 
The SCI adopted by the response spectrum based method evaluates the structural seismic 
capacity by considering capacity of the structure and demand of the ground motion at the 
same time. After the restoring force model of each element are determined, model of the 
intact structure is built and its capacity spectrum can be obtained by conducting the 
pushover analysis and converting the structure into an equivalent SDOF system. The 
safety limit point on the capacity spectrum, corresponding to the safety limit state of 
structure, is then determined according to some criteria. The equivalent damping ratio of 
structure at the safety limit state is evaluated in order to consider the energy dissipation 
due to plasticity deformation. This procedure is shown in Fig. 2 - 1. 
On the other hand, seismic demand of the ground motion is considered by the 
standard seismic response spectrum recommended by the design code. Then as shown in 
Fig. 2 - 2 and Equation (2.1), SCI is defined as the ratio of seismic intensity required by 
the safety limit point on the capacity spectrum (Sa) to the design seismic intensity (Sae) 
reduced by the response reduction factor, Fh, which is a function of the equivalent 
damping ratio.  
 
Seismic intensity required by sefety limit 
 Design seismic intensity damped by  
a
h ae h
S
F S F
  

, (2.1) 
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where,  
α: seismic capacity indicator 
Sa: seismic capacity indicator 
Sae: spectral acceleration on design seismic response spectra 
Fh: response reduction factor 
 
 
Fig. 2 - 1 Procedure of converting into equivalent SDOF system 
 
 
Fig. 2 - 2 Definition of Seismic Capacity Indicator (SCI) 
 
2.1.2 Definition of residual seismic capacity ratio 
In the response spectrum based method, firstly model of the target structure without 
seismic damage (intact structure) is built, according to the design drawing or field 
investigation. According to the damage class of each element determined in the damage 
investigation, strength, deformation and damping capacity of the element models are 
reduced. By building the damaged structural model with the reduced element models, and 
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by conducting the pushover analysis, capacity spectrum of the damaged structure 
(damaged capacity spectrum) can be obtained. Compared with the spectrum capacity of 
intact building, the damaged capacity spectrum is expected to deteriorate   due to the 
strength and deformation capacity reduction of the damaged elements, and the response 
reduction factor, Fh, is expected to decrease due to the damping capacity reduction of the 
damaged elements (Fig. 2 - 3)  
According to Equation (2.1), SCI of the intact and damaged structure can be 
obtained respectively. As shown in Equation (2.2), the residual seismic capacity factor of 
the damaged structure, R, is defined as the residual ratio of its SCI to that of the intact 
structure. 
 DR 

 ,  (2.2) 
where,  
R: residual seismic capacity ratio 
α: seismic capacity indicator of the intact structure 
Dα: seismic capacity indicator of the damaged structure 
 
 
Fig. 2 - 3 Change of capacity spectrum and response spectrum from intact 
structure to damaged structure 
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2.2 Evaluation for the structure only composed of flexural elements 
Aimed at the structures composed of the only elements with flexural failure mode, the 
procedure for obtaining the SCI of intact and damaged structure and calculating the 
residual seismic capacity ratio, R, is presented in this section step by step. 
 
2.2.1 Capacity spectrum of intact and damaged structure 
(1) Determination of capacity spectrum and safety limit 
The analytical model for the target building structure without seismic damage (the intact 
structure) is built at first. In this method, the structural elements are idealized by the 
uniaxial spring element with flexural and shear non-linear springs at both ends, which are 
utilized to simulate the rotation and shear behavior of the elements, respectively. That 
means the concentrated plasticity is considered in an idealized state of the structural 
element. The axial deformation can also be considered by the axial spring. The structural 
analysis program SNAP is utilized in this thesis and the springs included in the uniaxial 
spring element are shown in Fig. 2 - 4. Restoring force model of each of the springs can 
be determined according to the design code, and the information about the critical section 
of the elements can be referred to in the design drawing, or decided by the field 
investigation. 
 
 
(a) Flexural springs 
 
 
(b) Shear springs 
 
 
(b) Axial springs 
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Fig. 2 - 4 Springs included in the uniaxial spring element[5] 
 
Pushover analysis is then carried out on the intact structural model, by which the 
relationship between inter-story shear force and inter-story displacement can be obtained. 
The next step is to converse the target structure into an equivalent SDOF system and 
determine its capacity spectrum. The capacity spectrum should be presented in the form 
of acceleration-displacement response spectra (ADRS), which has the vertical axis of 
spectral acceleration, Sa, and horizontal axis of spectral displacement, Sd, as shown in Fig. 
2 - 1, Fig. 2 - 2 and Fig. 2 - 3.  
By reference to reference [4], Sa and Sd are determined from the pushover analysis 
results as Equation (2.3) and Equation (2.4). 
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where,  
mj: mass of the story j 
δj: displacement of story j relative to the ground 
QB: the inter-story shear force at the first story 
N: the number of story 
 
In this method, the structural seismic capacity is evaluated by the SCI corresponding 
to the safety limit of structure (Equation (2.1)), so after the capacity spectrum is 
determined, the next step is to set the safety limit. Each step of pushover analysis 
corresponds a state of the structural model and a point on the capacity spectrum. In this 
method, for the target structure only composed of flexural elements, safety limit is defined 
at the analysis step when the first element in the structure reaches its ultimate deformation, 
as shown in Fig. 2 - 5.  
 
(2) Reduction of capacity spectrum  
Then the analytical model for the seismic damaged structure is built by reducing the 
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structural element models according to the damage level. For the structural elements with 
flexural failure mode, bending moment-rotation relationship of the flexural springs is 
reduced by Equation (2.5) and Equation (2.6). 
 D u bF uM M    (2.5) 
 D u dF u      (2.6) 
where,  
DMu: the ultimate bending moment of the element with seismic damage 
Mu: the ultimate bending moment of the element without seismic damage 
Dθu: the safety limit rotation of the element with seismic damage 
θu: the safety limit rotation of the element without seismic damage 
ηbF: the strength reduction factor for flexural elements 
ηdF: the deformation capacity reduction factor for flexural elements 
 
 
Fig. 2 - 5 Definition of the safety limit point on capacity spectrum 
 
For the structural elements with shear mode, shear force-shear deformation 
relationship of the shear springs is reduced by Equation (2.7) and Equaiton (2.8). 
 D u bS uQ Q    (2.7) 
 D u dS u      (2.8) 
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DQu: the ultimate shear force of the element with seismic damage 
Qu: the ultimate shear force of the element without seismic damage 
Dδu: the safety limit shear deformation of the element with seismic damage 
δu: the safety limit shear deformation of the element without seismic damage 
ηbS: the strength reduction factor for shear elements 
ηdS: the deformation capacity reduction factor for shear elements 
 
Value of the performance reduction factors (ηbF, ηdF, ηbS and ηdS) are related to damage 
class of the elements like the seismic capacity reduction factor, η, of the current damage 
evaluation standard[7]. Determination of the performance reduction factors will be 
explained in Section 2.4. 
Reduction of the bending moment-rotation relationship and the shear force-shear 
deformation relationship for the seismic damaged elements are shown in Fig. 2 - 6. It 
should be noted that in this method, for the purpose of simplicity, the yielding rotation, 
θy, and the yielding shear deformation, δy, are assumed to be invariant between the intact 
and damaged elements. Safety limit of the elements are conservatively considered to be 
the point from which the strength deterioration starts, and the element deformation 
exceeding the safety limit is not considered in this research. 
 
(a) Flexural element 
 
(b) Shear element 
Fig. 2 - 6 Reduction of structural element models 
 
 
Fig. 2 - 7 Strength and deformation capacity reduction of capacity spectrum 
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According to the damage class of structural elements, their models in the intact 
structural model are replaced by the reduced models, by which the analytical model for 
the damaged structure is established. Same with the intact structural model, pushover 
analysis is carried out on the damaged structural model, and the capacity spectrum for the 
damaged structure can be determined through the same procedure. Determination of the 
safety limit point in the damaged structure is also same with the determination of the 
safety limit point in the intact structure, but the structural elements reaches their safety 
limit at a smaller deformation due to the deterioration in deformation capacity. From the 
safety limit point of the intact capacity spectra to the damaged one, Sa and Sd are expected 
to be reduced to DSa and DSd, due to the strength and deformation capacity reduction of 
the element models, as shown in Fig. 2 - 7. In another word, the damaged capacity 
spectrum reflects the strength and deformation capacity deterioration of the damaged 
structure, which is caused by the corresponding performance deteriorations generated in 
the damaged structural elements. 
 
2.2.2 Equivalent viscous damping ratio of intact and damaged structure 
(1) Evaluation of structural equivalent viscous damping ratio 
After the intact and damaged capacity spectrum of the target structure are determined 
through the procedure presented above, deterioration in strength and deformation 
capacity of the damaged structure are evaluated. At the same time, damping capacity is 
also considered as one of the seismic performances that influence the seismic response of 
structures. The deterioration of damping capacity also occurs in the damaged structural 
elements as well as the whole structure, because of the hysteretic energy dissipation 
decreases due to the slit phenomenon of the damaged elements, which is described in 
detail in Section 2.4.  
In the response spectrum based evaluation method presented in this chapter, the 
damping capacity deterioration is considered from the equivalent viscous damping ratio. 
At each step of the pushover analysis, the equivalent viscous damping ratio of the 
structure, h, is calculated by Equation (2.9)[4]. That means for each point on the capacity 
spectrum that corresponds a certain state of the structural model in pushover analysis, the 
equivalent viscous damping ratio can be evaluated. 
 
 ei i
i
ei
i
W h
h
W



   (2.9) 
where,  
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hi: the equivalent viscous damping ratio of the structural element i 
Wei: the potential energy stored by the element i 
 
Wei is obtained by Equation (2.10),  
 1
2ei i i
W M    (2.10) 
where,  
Mi: bending moment at both ends of each elements 
θi: bending rotation angle at both ends of each elements 
 
hi can be evaluated by the empirical formula shown in Equation (2.11). 
 0 0
11i ei h
i
h h h h 

 
       
  (2.11) 
where,  
h0: The inherent damping ratio  
hei: The hysteretic damping ratio, namely the contribution of hysteretic 
damping comes from the hysteretic energy dissipation 
μi: the plasticity coefficient of element i which can be obtained from the 
pushover analysis result 
βh: the damping parameter related to the hysteretic energy dissipating capacity 
of the elements 
 
In this thesis, h0 is 0.05 for RC structures and βh is considered to be 0.25 for the 
structural elements with flexural failure mode, by reference to series of guidelines in 
Japan[4][7]. On the other hand, for the structural elements with shear failure mode, 
generally their hysteretic energy dissipating capacity is considered to be poor and their βh 
is set to be 0.05 by reference to the previous research[3][8][9].  
 
 
Deformation
Restoring force
W
eWHysteretic loop
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Fig. 2 - 8 Hysteretic damping represented by equivalent hysteretic damping ratio 
 
Physical significance of he is the ratio of hysteretic energy dissipation, W, to the 
potential energy, We, as shown in Equation (2.12) and Fig. 2 - 8. 
 
1
4e e
Wh
W
    (2.12) 
The real seismic response is not steady-state response, which means W and We change 
in different hysteretic loops during the seismic vibration. Hence is difficult to be evaluated 
by Equation (2.12), and approximately estimated by using empirical Equation (2.11), 
which is established based on substitute damping[10][11] as shown in Equation (2.13). 
 20
0 0
2
t t
sh y ydt y dt
   
    
   
      (2.13) 
where,  
0y : acceleration of ground motion 
y : response velocity 
 : the equivalent angular frequency corresponding to connection between the 
maximum response points on both positive and negative directions 
 
The seismic demand of ground motions which are considered in this response 
spectrum based method is considered by the design seismic response spectra. Generally 
only the viscous damping of the structures in elastic state, namely h0 in Equation (2.11), 
is considered in the design seismic response spectra. Due to the additional hysteretic 
damping generated in the plastic stage of structures, the seismic response spectra are 
considered to decline. To take the hysteretic damping into account, the response reduction 
factor, Fh, is introduced by the Japanese guidelines[4] as a simple function of the structural 
equivalent viscous damping ratio, h, as shown in Equation (2.14). 
 1.5
1 10h
F
h


  (2.14) 
 
(2) Reduction of structural equivalent viscous damping ratio 
For intact structures, for calculating the SCI at the safety limit point of the capacity 
spectra by Equation (2.1), the Fh can be obtained according to Equation (2.9) ~ (2.14). 
In the case of damaged structures, the deterioration in damping capacity of damaged 
structural elements is considered by reducing their equivalent hysteretic damping ratios 
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by Equation (2.15). 
 10.05 1D i h hi
i
h  

 
     
  (2.15) 
where,  
Dhi: the equivalent viscous damping ratio of the damaged elements 
ηh: the damping capacity reduction factor, which is evaluated based on the 
hysteretic energy dissipation of elements 
 
Determination of ηh will be explained in Section 2.4 and it has different values for flexural 
elements (ηhF) and shear elements (ηhS). 
At the safety limit point of the damaged capacity spectrum, the response reduction 
factor for damaged structures, DFh, can be evaluated similarly by substituting Dhi for DFh 
in the  Equation (2.9) to obtain Dh, and utilizing Dh to obtain DFh by Equation (2.14). 
Due to the reduction of Dhi, increase of DFh compared to Fh, as well as increase of seismic 
response spectra, is expectable (Fig. 2 - 9). That means damping capacity deterioration of 
damaged elements reduces the damping capacity of damaged structures, and results in 
increase of the seismic response.  
 
Fig. 2 - 9 Increase of response spectrum due to damping capacity reduction  
2.2.3 Calculation of residual seismic capacity ratio 
According to 2.2.1, after the capacity spectrum of the target structure with and 
without seismic damage are obtained, the safety limit point of the intact (Sd, Sa) and 
damaged (DSd, DSa) capacity spectrum are determined. According to 2.2.2, the response 
reduction factor at the safety limit, for the target structure with and without seismic 
damage (Fh and DFh), can also be evaluated. Next, the SCI for both the intact and damaged 
target structure can be calculated by Equation (2.1), and according to Equation (2.2), the 
residual seismic capacity ratio is given by Equation . 
aS
dS
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 D a ae hD D a a
D ae D h ae h a D ae D h
S S FS SR
S F S F S S F


   
   
  (2.16) 
 
where the spectral acceleration on the design seismic response spectrum, Sae and DSae, can 
be determined according to the equivalent period at safety limit of capacity spectra, as 
design seismic response spectra are generally given as a function between spectral 
acceleration and period. The equivalent period can be calculated by Equation (2.17). 
 2 d
a
ST
S
   (2.17) 
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2.3 Extension for the structures composed of both flexural and shear 
elements 
According to the damage investigations of the previous seismic events, in many of the 
damaged buildings, the structural elements failure both in shear and flexure are observed. 
Some of these buildings are very old (before 1971) and designed according to the design 
code in which the shear failure resistance capacity of elements was still not been paid 
enough attention to, thus part of the elements easily failed in shear. On the other hand, 
even in the buildings designed according to the relatively newer design code (after 1971), 
in which the ductility of elements have been taken into consideration, shear failure of 
elements is still difficult to be completely avoided. This is because during an earthquake, 
behavior of the structural elements may change due to the existence of un-structural 
elements, and the complicacy in seismic response of the whole structure may also lead to 
this.  
Procedure of the response spectrum based evaluation method introduced in Section 
2.2 is extended to include the seismic damaged structures composed of both flexural and 
shear elements in this section. 
 
2.3.1 Capacity spectrum including strength degradation 
Shear structural elements are generally featured by poor deformation and damping 
capacity, as well as sharp degradation of strength after the ultimate deformation. 
Therefore, failure of the shear elements is expected to cause a drop in strength of 
structures, and also in spectral acceleration of their capacity spectra. 
In order to include the strength degradation due to failure of shear elements in 
capacity spectra, the capacity spectrum of the structures composed of both flexural and 
shear elements are obtained through the following procedure Fig. 2 - 10. The procedure 
is adopted by reference to the pushover analysis based third level screening procedure of 
the Seismic Evaluation Standard of Japan[12], and the pushover analysis procedure given 
by ATC-40 for modeling strength degradation[13]. 
(1) Pushover analysis is carried out on the target structural model until the analytical 
step when the first shear element reaches its ultimate deformation. The first capacity 
spectrum is then obtained by the procedure presented in 2.2.1, until the shear element 
ultimate point Fig. 2 - 10 (a). 
(2) Replace the shear element with the hinge element without flexural and shear 
strength to reflect strength degradation of the failed shear element, by which the structural 
model is upgraded. 
(3) Carry out pushover analysis again on the upgraded structural model containing 
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the hinge element, until the second shear element reaches its ultimate deformation. Then 
the second capacity spectrum is obtained until the second shear element ultimate point. 
The second capacity spectrum is expected to have lower strength compared with the first 
one due to failure of the shear element Fig. 2 - 10 (b). 
 
 
(a) Carry out pushover analysis until shear element reaches ultimate deformation 
 
(b) Upgrade structural model by replacing failed element with hinge element 
 
(c) Repeat the procedure until 1st flexural element reaches ultimate deformation 
 
(d) Connect multiple capacity spectra to obtain saw-tooth capacity spectrum 
Fig. 2 - 10 Pushover analysis procedure for capacity spectrum including strength 
degradation due to failure of shear elements. 
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(4) Replace the second shear element with the hinge element and upgrade the 
structural model again. 
(5) The above procedure is repeated to obtain a series of capacity spectra with 
declining strength because the shear elements failed one by one. Repeating of the 
procedure stops when the first flexural element reaches the ultimate deformation. That is 
the first flexural element ultimate point, which corresponds to the safety limit state 
defined in 2.2.1 for the structure only composed of flexural elements Fig. 2 - 10 (c). 
(6) Connect the shear element ultimate point on the nth capacity spectrum to the 
(n+1)th capacity spectrum with a vertical line, and finally a saw-tooth capacity spectrum 
including the strength degradations due to failure of the shear elements is obtained Fig. 2 
- 10 (d). The sharp strength degradation of shear elements in reality is simplified to be the 
series of vertical lines. 
 
2.3.2 Equivalent viscous damping ratio considering failed shear element 
(1) Influence of failed shear elements on seismic capacity of structures 
The structural equivalent viscous damping ratio, which can be evaluated by Equation 
(2.9) ~ (2.11), is necessary in calculating the SCI at a certain point on capacity spectra. 
In the procedure of obtaining the capacity spectra of the structures composed of both 
flexural and shear elements, which is presented in 2.3.1, the failed shear elements are 
considerate by replacing their models with hinge elements in the structural models, and 
these hinge elements are not been included in Equation (2.9).  
However, in the Seismic Evaluation Standard of Japan[12], for those structures which 
do not reach their safety limits due to failure of shear elements, their basic seismic index, 
E0, is calculated by Equation . 
    2 20 S S F FE C F C F      (2.18) 
where,  
CS: strength index for shear elements 
CF: strength index for flexural elements 
FS: ductility index for shear elements 
FF: ductility index for flexural elements 
 
This equation means that, in the seismic evaluation, although the shear elements have 
already failed before the structures reach their safety limit, the shear elements are still 
considered to contribute to seismic capacity of the structures. This contribution can be 
considered as part of the seismic energy input which is dissipated by the shear elements 
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before their failure. This influence has also been illustrated by the results of nonlinear 
time history analysis based on SDOF systems[14][15].  
On the other hand, it is found by the nonlinear time history analysis on the frame 
structural models[11], which are composed of both shear and flexural elements, that the 
failed shear elements influence the structural seismic responses. Even the maximum 
response of the models including shear elements exceeds the failure displacement of shear 
elements. Compared to the models without shear elements, the displacement responses 
are reduced due to the failed shear elements. This phenomenon occurs when seismic 
responses have less vibration circles, thus restoring force-deformation relationship of the 
hysteretic loops are close to what obtained from a monitory loading, and both the shear 
and flexure elements contribute to the hysteretic energy dissipation. That is, depending 
on properties of ground motions, the energy dissipated by the shear elements before their 
failure has influence on the structural seismic response after the shear failure.  
However, if the structural equivalent viscous damping ratio is evaluated by Equation 
(2.9), for the flexure dominant structures, the SCI at their safety limit will not include the 
influence from failed shear elements. In other words, assuming that in a damaged 
structure, there is no performance deterioration in the flexural elements, so even the shear 
elements are totally failed, the SCI at safety limit of the damaged structure will not decline. 
Hence according to Equation (2.2), failure of the shear elements does not reduce residual 
seismic capacity ratio of the structure. Therefore, considering the case that shear elements 
influence safety limit seismic capacity of structures, evaluating the structural equivalent 
viscous damping ratio at safety limit of the flexure dominant structures by Equation (2.9) 
is not always conservative. 
In order to solve this problem, the influence from failed shear elements should be 
included for evaluating the structural equivalent viscous damping ratio at the safety limit 
of flexure dominant structures. According to Equation (2.12), the equivalent hysteretic 
damping ratio comes from hysteretic energy dissipation can be evaluated by the ratio of 
the hysteretic energy dissipation W to the potential energy We. In the response spectrum 
based method proposed in this chapter, the influence from failed shear elements is 
considered by including the hysteretic energy dissipation of shear elements into We. 
 
(2) Evaluation of equivalent viscous damping ratio 
A capacity spectrum of flexure dominant structure is shown in Fig. 2 - 11. The 
contribution of shear and flexural element are defined on the capacity spectrum and based 
on the shear element area, hysteretic energy dissipation of the shear elements can be 
evaluated by Equation (2.19) as a whole. 
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 4S eS eSW W h    (2.19) 
where,  
WeS: the potential energy at the shear element ultimate point of capacity 
spectrum 
heS: the structural equivalent hysteretic damping ratio at the shear element 
ultimate point of capacity spectrum 
 
WeS can be calculated by Equation (2.20), based on the capacity spectrum. ΔSaS and ΔSdS 
are respectively vertical and horizontal length of the shear element area. 
 1
2eS aS dS
W S S     (2.20) 
heS is evaluated by Equation (2.21). 
 
 eSi eSi
i
eS
eSi
i
W h
h
W



   (2.21) 
where,  
WeSi: potential energy stored by the shear element i 
heSi: the equivalent hysteretic damping ratio of shear element i 
 
Considering shear elements generally have poor hysteretic energy dissipation 
capacity, by reference to the previous research[3][8][9], the damping parameter, βh, in 
Equation (2.11) is set to be 0.05, and hSei can be estimated by Equation (2.22). 
 10.05 1eSi
Si
h

 
    
  (2.22) 
where,  
μSi: plasticity coefficient of shear member i 
 
Similarly, hysteretic energy dissipation of the flexural elements can be evaluated 
based on the flexural element area in the capacity spectrum by Equation (2.23). 
 4F eF eFW W h    (2.23) 
 
where,  
WeF: the potential energy at the flexural element ultimate point 
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heF: the structural equivalent hysteretic damping ratio at the flexural element 
ultimate point 
 
WeF can be calculated by Equation (2.24), where ΔSaF and ΔSdF are respectively vertical 
and horizontal length of the flexural element area. 
 1
2eF aF dF
W S S     (2.24) 
heF is evaluated by Equation (2.25). 
 
 eFi eFi
i
eF
eFi
i
W h
h
W



   (2.25) 
where,  
WeFi: potential energy stored by the flexural element i 
heFi: the equivalent hysteretic damping ratio of flexure element i 
 
heFi can be estimated by Equation . 
 10.25 1eFi
Fi
h

 
    
  (2.26) 
where,  
μFi: plasticity coefficient of flexural member i 
 
 
(a) Shear element area 
 
(b) Flexural element area 
Fig. 2 - 11 Contribution of shear and flexural element in capacity spectrum 
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Fig. 2 - 12 Hysteretic energy dissipation and potential energy at safety limit of 
flexure dominant structure 
 
By taking hysteretic energy dissipation of both shear and flexural elements into 
account, the structural equivalent viscous damping ratio at safety limit point (flexural 
element ultimate point), h’F, can be calculated by Equation (2.27), in which h0, the initial 
damping ratio, is set to be 0.05 (Fig. 2 - 12). 
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  (2.27) 
In the case that multiple shear element ultimate points exist on capacity spectra, the 
shear element area in Fig. 2 - 11 and Fig. 2 - 12 is divided into multiple subareas as shown 
in Fig. 2 - 13. Each of these subareas corresponds a group of shear elements failure at 
different Sd of structures. At that time, by the vertical and horizontal length of each 
subarea (i.e. ΔSaS1, ΔSaS2 and ΔSdS1, ΔSdS2 in Fig. 2-15), and plasticity coefficient of the 
corresponding shear elements, the hysteretic energy dissipation of each group of shear 
elements (WS1, WS2) can be evaluated according to Equation (2.19) ~ (2.22) similarly. 
Sum the hysteretic energy dissipation corresponding to each of the subareas to obtain 
their total hysteretic energy dissipation, and Equation (2.27) is expanded to be Equation 
(2.28) in this case.  
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  (2.28) 
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(a) Subareas of different shear element 
groups  
 
(b) Hysteretic energy dissipation and 
potential energy at safety limit 
Fig. 2 - 13 Evaluation of structural equivalent viscous damping ratio for capacity 
spectrum with multiple shear element ultimate points 
 
2.3.3 Judgement of dominant failure mode 
(1) Determination of safety limit based on SCI 
For each of the element ultimate points on the strength degraded capacity spectra, the 
equivalent viscous damping ratios can also be evaluated similarly based on plasticity 
coefficient of each element at the corresponding analytical step. After that the 
corresponding SCI can be calculated. By reference to the seismic response spectrum 
based collapse limit evaluation method proposed by Matsukawa et al.[16][17], the structural 
safety limit is decided among the element ultimate points based on their SCI. 
For a certain point on a capacity spectrum, physical significance of its SCI is the 
amplification of the ground motion intensity required by this point to the design intensity. 
When an element ultimate point has larger SCI than all of the others, it means the ground 
motion intensity required by this point is the largest. The ground motion intensity required 
by the point means the intensity under which seismic response of the structure reaches 
this point.  
Seismic response of the structure is represented by the performance points on its 
capacity spectrum, which are the intersections of capacity spectrum and seismic demand 
curves (Fig. 2 - 14 (a)). The seismic demand curves increase with intensity of ground 
motions, and under the possible largest intensity, the performance point (seismic response) 
will be at the element ultimate point with largest SCI, which becomes the contact point 
between the saw-tooth capacity spectrum and the seismic demand curve (Fig. 2 - 14 (b)). 
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If the intensity increase further, there will be no performance point on the capacity 
spectrum and the structure is considered not able to resistant the ground motion and 
collapse in that case (Fig. 2 - 14 (c)).  
 
 
(a) Intersection of capacity 
spectrum and seismic 
demand curve 
 
(b) Contact point between 
capacity spectrum and 
seismic demand curve 
 
(c) No intersection between 
capacity spectrum and 
seismic demand curve 
Fig. 2 - 14 Defination of safety limit point on capacity spectrum 
 
(2) Dominant failure modes of structures 
Therefore, the contact point between the capacity spectrum and the seismic demand 
curve, that is the element ultimate point with largest SCI, is considered to be the safety 
limit of structure in the response spectrum based method proposed in this chapter. 
As shown in Fig. 2 - 15, in this method, the structures composed of both flexural and 
shear elements are classified into two types according to their safety limits. When one of 
the shear element ultimate points has the largest SCI, which means the structures reach 
their safety limit due to failure of the shear elements, and these structures are defined as 
shear dominant structures. On the other hand, when the flexural element ultimate points 
has larger SCI than all of the shear element ultimate points, which means failure of the 
shear elements does not lead to safety limit of the structures, and these structures are 
defined as flexure dominant structures. The largest SCI among the shear element ultimate 
points is represented by αS and SCI of the flexural element ultimate point is represented 
by αF. A judgment index for the dominant failure mode of structures is defined as Md by 
Equation (2.29), and the structural dominant failure mode is judged by value of the Md.  
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(a) Shear dorminant structure 
 
(b) Flexure dorminant structure 
Fig. 2 - 15 Classification of shear and flexure dorminant structures according to 
SCI 
 
2.3.4 Calculation of residual seismic capacity ratio 
For the structures composed of both flexural and shear elements, the procedure for 
obtaining their capacity spectra, which include the strength degradation due to failure of 
shear elements, is described in 2.3.1. After the saw-tooth capacity spectra are obtained, 
the Sa and Sd at each of the element ultimate points are determined. Then according to the 
method given in 2.3.2, the structural equivalent viscous damping ratios at each of the 
element ultimate points can be evaluated, in which the hysteretic energy dissipation of 
the shear elements failed before are considered.  
Based on these results, the SCI at each element ultimate point can be calculated by 
using Equation (2.1), (2.14) and (2.17). Based on the definition of safety limit point in 
2.3.3, the element ultimate point with the largest SCI is regarded as safety limit of the 
structure, hereby the dominant failure mode of structure can be judged.  
All of the procedure above is carried out on the intact model of target structures, that 
is the model of the target structures in their intact state before damaged by an earthquake, 
and the next step is building the damaged model of target structures, that is the model of 
the target structures with seismic damage. According to the damage class of each of the 
flexural and shear elements, strength and deformation capacity of their element models 
are reduced by Equation (2.5) ~ (2.8). Their damping capacity deteriorations are 
considered by reducing their equivalent viscous damping ratios by Equation (2.15). By 
replacing the element models in the intact structural models by the reduced ones, the 
damaged structural models are obtained. Their saw-tooth capacity spectra are determined 
through the same procedure for the intact structural models, as well as their structural 
equivalent viscous damping ratios at each of the element ultimate points on the capacity 
spectra.  
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(a) Shear dorminant structure (b) Flexure dorminant structure 
Fig. 2 - 16 Capacity spectra and SCI of intact and damaged target structure 
 
In the response spectrum based method proposed in this chapter, safety limit of the 
damaged target structures are considered to be in accordance with the intact structures. 
That is, for a target structure, safety limit point of its intact and damaged capacity 
spectrum are at the same element ultimate point, as shown in Fig. 2 - 16. Therefore, with 
regard to the flexure dominant structures, SCI at the flexure element ultimate point on 
their damaged capacity spectra, DαF, should be calculated. On the other hand, for the shear 
dominant structures, the largest SCI at the shear element ultimate points of the damaged 
capacity spectra, DαS, should be calculated. Finally, the residual seismic capacity ratio, R, 
is obtained by Equation (2.30) and (2.31) in the case of flexure and shear dominant 
structures, respectively.  
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2.4 Seismic performance reduction factors of damaged elements 
Procedure of the response spectrum based residual seismic capacity evaluation method is 
described in 2.1 ~ 2.3 of this chapter. When building damaged structural models and 
evaluating their SCI, restoring force-deformation relationship of the flexural and shear 
springs in damaged elements have to be modified by using Equation (2.5) ~ (2.8). The 
strength reduction factors, ηbF and ηbS, are respectively utilized to reduce ultimate strength 
of damaged flexural and shear elements, and the deformation capacity reduction factors, 
ηdF and ηdS, are respectively utilized to reduce ultimate deformation of damaged flexural 
and shear elements. Meanwhile, according to Equation (2.15), the equivalent hysteretic 
damping ratio of damaged flexural and shear elements are reduced respectively by the 
damping capacity reduction factor ηhF and ηhS, in order to consider the damping capacity 
deterioration due to seismic damage.  
About values of the performance reduction factors regarding strength, deformation 
and damping capacity, the results given by the previous research[18] is adopted in this 
thesis. Evaluation of these performance reduction factors in the previous research is 
briefly described in this section. 
 
2.4.1 Damage classes of structural elements 
Evaluation of the performance reduction factors is based on different damage level of 
elements. In the current damage evaluation standard (JBDPA, 2015), damage level of 
elements is divided into five classes. The five damage classes correspond different 
damage states from slight to severe as shown in in Table 2 - 1, as well as different range 
on the approximate restoring force-deformation relationship of flexural and shear 
elements shown in Fig. 2 - 17.  
Because of this, for a structural element specimen tested by static cyclic loading, as 
shown in Fig. 2-18, according to the damage state observed in the test, the ranges of 
different damage classes can be divided roughly based on its restoring force-deformation 
relationship, as shown in Fig. 2 - 18.  
For flexural elements, damage class I and II is divided by the reinforcement yielding 
deformation. And damage class III and IV is divided by the peak deformation of the 
hysteretic loop with the maximum restoring force. Then boundary of damage class II and 
III is set at the middle of the two deformations above. Peak deformation of the hysteretic 
loop, in which the restoring force start to be lower than 80% of the maximum, is taken as 
the boundary of damage class IV and V.  
In the case of shear elements, deformation before the maximum restoring force is 
divided into three parts as the deformation ranges of damage class I, II and III. Damage 
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class III and IV is also divided by the peak deformation of the hysteretic loop with the 
maximum restoring force. Boundary of damage class IV and V is still set at peak 
deformation of the hysteretic loop, in which the restoring force start to be lower than 80% 
of the maximum.  
Based on the hysteretic loops in the ranges of different damage class, the reduction 
in strength, deformation and damping capacity corresponding to the damage class are 
evaluated.  
 
 
(a) Flexural elements 
 
 
(b) Shear elements 
Fig. 2 - 17 Approximate restpring force-deformation relationship 
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Table 2 - 1 Observed damage state in each damage class 
Damage 
class 
Observed damage state 
Ductile element (flexural failure) Brittle element (shear failure) 
Ⅰ 
Small & narrow cracks in the degree which is difficult to see unless from close distance 
(crack width of less than 0.2mm)、reinforcement bars are still in the elastic range. 
Ⅱ 
Structural element has yielded and thus 
cracks are clearly visible to the naked 
eye at ends of element. 
(Cracks of 0.2mm～1 mm wide) 
Diagonal cracks clearly visible with naked eye. 
(Cracks of 0.2mm ～ 1 mm wide) 
Ⅲ 
Relatively larger cracks after yielding 
(such as flexural shear cracks), spalling 
of cover of concrete might slightly 
occurred but core concrete is still intact 
(Cracks of 1mm～2mm wide) 
Relatively larger and multiple shear cracks, 
spalling of cover of concrete might slightly 
occurred but core concrete is still intact 
(Cracks of 1mm～2mm wide) 
 
Ⅳ 
Remarkable spalling of concrete cover 
with exposed reinforcement bars. 
However, the member still capable of 
carrying vertical load  
(Crack width is more than 2.0 mm) 
Width of shear cracks expanded greatly with 
some spalling or compression fracture and 
exposed reinforcing bars. Although strength 
might have decreased but reinforcement did 
not buckle and to some extent still maintaining 
strength. 
Ⅴ 
Buckling of reinforcement, crushing of core concrete, lateral or vertical deformation of 
columns and/or shear walls are found easily by naked eyes. Side-sway inclination, 
subsidence of upper floors, and/or fracture of reinforcing bars are observed in some cases. 
 
 
(a) Flexural element 
 
(b) Shear element 
Fig. 2 - 18 Decision of damage classes on restoring force-deformation relasionship 
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2.4.2 Evaluation of seismic performance reduction factors 
(1) Strength reduction factor ηb 
Generally, in the case of flexural elements, when seismic response is within damage class 
III, although the reinforcement bars has yielded, and slight concrete spalling probably 
exist at the ends of the elements, because concrete in the core region of elements is still 
intact, basically the strength does not deteriorate. Nevertheless when seismic response 
exceeds the maximum restoring force point, and elements enter damage class IV, concrete 
spalling becomes severe and exposed reinforcement bars will be observed. Accordingly 
lateral strength of elements starts to degrade significantly.  
For shear elements, strength deterioration is also considered to be not obvious when 
seismic response does not exceed damage class III, because the concrete spalling is still 
not severe. After the elements enter damage class IV, as shear elements generally exhibit 
the brittle failure, more severe strength deterioration compared with flexural elements is 
expected to occur.  
 
(a) Flexural element 
 
(b) Shear element 
Fig. 2 - 19 Evalaution of strength reduction factor 
 
As shown in Fig. 2 - 19, strength reduction factor, ηb, is evaluated based on the test 
result. For damage class I ~ III, ηbF and ηbS, respectively for flexure and shear elements, 
are considered to be 1.0. In damage class IV, by the lowest peak restoring force of the 
hysteretic loops in the range, DQIV, and the maximum restoring force, Qu, ηbF and ηbS can 
be evaluated by Equation (2.32). 
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IV
1 Damage class I, II, III
,
Damage class IVbF bS D
u
Q
Q
 

 
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  (2.32) 
 
 (2) Deformation capacity reduction factor ηd 
In the current damage evaluation standard[7], seismic capacity reduction factor, η, is 
evaluated based on the area (energy dissipation) under the backbone curve of restoring 
force-deformation relationship of elements as shown in Fig. 2 - 20. At that time, the 
residual energy dissipation is considered as the area on the right side of the unloading 
curve, which starts from the maximum response point. That means the residual 
deformation of elements after an earthquake are considered as the unloading deformation, 
hence the distance between the unloading deformation and the ultimate deformation is 
defined as residual deformation capacity of the damaged elements. In the previous 
research[18], this definition is also adopted to evaluate the deformation capacity reduction 
factor, ηd.  
 
 
Fig. 2 - 20 Consideration of residual deforcatmion capacity in current standard 
 
As shown in Fig. 2 - 21, by taking out the maximum unloading deformation of the 
hysteretic loops in the range of each damage class, Dδn, and the ultimate deformation, δu, 
the deformation capacity reduction factors, ηdF and ηdS, can be evaluated by Equation 
(2.33), where n represents damage class I, II, III and IV. 
 , D ndF dS
u
 

   (2.33) 
This definition of residual deformation capacity is also adopted by other researches 
about performance evaluation of damaged elements (e.g. Ludovico et al., 2013). However, 
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considering real hysteretic behavior of elements in a real earthquake, as shown in Fig. 2 
- 22, with general weakening of the vibration after the maximum seismic response, finally 
residual deformation of the element is smaller than the unloading deformation 
corresponding to the maximum response. Therefore, if other influences from energy 
dissipation, etc. are excluded, residual deformation capacity of the damaged elements in 
reality are generally bigger than the evaluation results based on the static cyclic loading 
test results, and the deformation capacity reduction factors, ηdF and ηdS, are just a rough 
evaluation, which is easy to be determined and on the safe side. 
 
(a) Flexural element 
 
(b) Shear element 
Fig. 2 - 21 Evalaution of deformation capacity reduction factor 
 
 
Fig. 2 - 22 Residual deformation in nonlinear time history analysis 
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(3) Damping capacity reduction factor ηh 
The equivalent hysteretic damping ratio of elements contributed by their hysteretic energy 
dissipation can be evaluated based on the hysteretic loops in their restoring force-
deformation relationship, according to Equation (2.12). When an element is loaded again 
in the experienced deformation, due to the pinching effect caused by reduced stiffness, 
area of the hysteretic loop becomes smaller compared to the first time of loading, as well 
as the corresponding equivalent hysteretic damping ratio. That means damping capacity 
deterioration of the damaged elements. 
 
(a) Flexural element 
 
(b) Shear element 
Fig. 2 - 23 Evalaution of damping capacity reduction factor 
 
As shown in Fig. 2 - 23, in the range of different damage classes, damping capacity 
deterioration is evaluated based on the hysteretic loops with the maximum peak 
deformation. Based on the area of hysteretic loops obtained by the first time and second 
time loading, the equivalent hysteretic damping ratios, Dhen and hen, are determined 
according to Equation (2.12). Then the damping capacity reduction factor, ηdF and ηdS, 
can be evaluated using Equation , where n represents damage class I, II, III and IV. 
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This evaluation is based on the assumption of steady-state response, thus is just a 
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capacity of elements and structures also depend on the maximum deformation responses, 
vibration properties, etc., and are much more complicated. About the residual damping 
capacity of damaged elements and structures, further investigation is still needed.  
 
2.4.3 Decision of values of seismic performance factors  
The previous research applied the evaluation method for strength, deformation and 
damping capacity reduction factors described above on a number of flexural and shear 
element specimens, and investigated value of the factors. Information of the adopted 
specimens are shown in Table 2 - 2. Backbone curve of restoring force-deformation 
relationship of the flexural and shear elements are summarized in Fig. 2 - 24. From the 
backbone curves, it can be found that the flexural elements generally exhibit better 
ductility, and the shear elements have larger strength deterioration. 
Based on evaluation results of these specimens, fixed values of each performance 
reduction factor corresponding to different damage classes are given for flexural and 
shear elements separately by the previous research, as shown in Table 2 - 3. In the 
structural residual seismic capacity evaluations of this thesis, the values of strength, 
deformation and damping capacity reduction factors given by Table 2 - 3 is adopted. 
 
 
(a) Flexural elements (b) Shear elements 
Fig. 2 - 24 Backbone curve of restoring force-deformation relationship 
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Table 2 - 2 Observed damage state in each damage class 
Failure mode Specimen Section (mm) 
Height 
(mm) Main bars 
Area ratio 
(%) Stirrup 
Area ratio 
(%) 
Concrete 
compressive 
strength 
(N/mm2) 
Ry Qy Rp Qp Ru* 
Flexural 
1-100 
300×450 
900 8-D19 
 SD345 1.21 
4-D10@75 
SD345 
1.27 
33 0.42 414 3.01 704 3.58 
1-400 
2-D10@100 
37 0.50 523 2.00 844 1.50 
2-400 1800 0.48 39 0.78 322 1.50 414 1.22 
F-75 
400×500 1500 10-D19 
SD345 0.57 
2-12φ@75 
SR235 
0.75 24 0.57 486 10.1 544 2.00 
F-45 2-12φ@125 0.45 25 0.57 505 0.84 546 1.50 
H-75 200×250 750 10-D10 2-6φ@37.5 0.75 24 0.80 127 1.00 134 2.00 
S2-1 
400×400 1600 10-D16 SD390 0.50 
2-D6@160 
SD390 
0.1 30 0.63 330 1.30 355 2.00 
S2-2 
2-D6@80 
0.2 29 0.63 321 1.00 346 2.00 
S2-4 0.4 30 0.60 318 1.50 334 4.00 
106 400×400 800 16-D22 SD345 1.21 2-D6@50 SD295 0.64 27 ― ― 1.99 646 4.58 
Shear 
F-19 400×500 1500 
12-9φ SD345 
0.71 2-12φ@300 
SR235 
0.19 24 ― ― 1.00 439 2.00 
H-19 200×250 750 0.64 2-6φ@300 0.19 27 ― ― 0.50 96 2.00 
S1-4 400×400 800 10-D16 SD390 0.50 4-D6@80 SD390 0.4 30 ― ― 0.79 598 1.20 
101 400×400 800 16-D22 SD345 1.21 2-D6@150 SD295 0.11 27 ― ― 0.67 492 2.00 
102 
300×300 600 
12-D19 
SD345 
1.27 
2-D4@100 
SD295 
0.09 
27 
― ― 0.85 261 1.16 
103 
12-D16 0.88 
― ― 0.43 232 1.00 
203 2-D4@40 0.23 ― ― 0.81 469 0.89 
Ry: Yielding rotation; Qy: Yielding strength; Rp: Peak strength rotation; Qp: Peak strength; Ru: Ultimate rotation;  
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Table 2 - 3 Fixed values of performance reduction factors 
Damage class I II III IV 
Flexural element 
ηbF 1 1 1 0.6 
ηdF 1 0.95 0.85 0.75 
ηhF 0.95 0.80 0.75 0.70 
Shear element 
ηbS 1 1 1 0.4 
ηdS 1 0.85 0.7 0.5 
ηhS 0.9 0.7 0.6 0.5 
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2.5 Summary of response spectrum based evaluation method 
Based on the response spectrum and structure of an earthquake, chapter 2 proposes 
response spectrum based evaluation method through adopting pushover analysis. (As 
shown in Fig. 2 - 25). Data of sizes, material, reinforcement detail of both structural 
elements and structure are collected to evaluate target structure’s analytical model in its 
inact state. pushover analysis are used to figure out intact capacity spectrum and SCIs at 
each element ultimate points on the spectrum. αS and αF are used to represent the 
maximum SCI among the shear element ultimate points and SCI at 1st flexural element 
ultimate point respectively. Then, this two values can be used to calculate dominant 
failure mode judgement index Md and determine target stucture’s dominant failure mode. 
At the meantime, field investigation is adopted to determine the damage class and 
failure mode of each damaged elements. Then, performance reduction factors different 
damaged level are used to reduce damaged elements’ analytical model to work out 
damaged elemnt models by which damaged structural model is established. Same 
procedure goes with the of calculation of damaged capacity spectrum and SCIs ath its 
eleetn ultimate points. Using DαS and DαF to represent damaged structure’s maximum SCI 
among the shear element ultimate points on the damaged capacity spectrum and SCI at 
1st flexural element ultimate point respectively. As shown in Equation (2.35), residual 
seismic capacity ratio R can be calculated like this: after we determine an element’s 
structural dominant failure mode, under the condition of shear dominant, R equals to the 
ratio of αS to DαS; under the condition of flexure dominant, R equals to the ratio of αF to 
DαF 
 
, 1
, 1
D F
d
F
D S
d
S
M
R
M




  
 
, (2.35) 
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  (2.36) 
where,  
R: residual seismic capacity ratio 
αS: maximum SCI among shear element ultimate points on intact capacity 
spectrum, which can be obtained by Equation (2.37) 
DαS: maximum SCI among shear element ultimate points on damaged  
capacity spectrum, which can be obtained by Equation (2.38) 
αF: SCI at 1st flexural element ultimate point on intact capacity spectrum, 
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which can be obtained by Equation (2.39) 
DαF: SCI at 1st flexural element ultimate point on damaged capacity spectrum, 
which can be obtained by Equation (2.40) 
 =max aSiS
aeSi hSi
S
S F
    
 (2.37) 
 =max D aSiD S
D aeSi D hSi
S
S F
    
, (2.38) 
 ,first
,first ,first
= aFF
aeF hF
S
S F


  (2.39) 
 ,first
,first ,first
= D aFD F
D aeF D hF
S
S F


  (2.40) 
where,  
SaSi: spectral acceleration at shear element ultimate point Si on intact capacity 
spectrum (gal) 
SaeSi: acceleration on design response spectrum corresponding to equivalent 
period at shear element ultimate point Si on intact capacity spectrum (gal) 
DSaSi: spectral acceleration at shear element ultimate point Si on damaged capacity 
spectrum (gal) 
DSaeSi: acceleration on design response spectrum corresponding to equivalent 
period at shear element ultimate point Si on damaged capacity spectrum 
(gal) 
SaF, first: spectral acceleration at first flexural element ultimate point Ffirst on intact 
capacity spectrum (gal) 
SaeF, first: acceleration on design response spectrum corresponding to equivalent 
period at first flexural element ultimate point Ffirst on intact capacity 
spectrum (gal) 
DSaF, first: spectral acceleration at first flexural element ultimate point Ffirst on 
damaged capacity spectrum (gal) 
DSaeF, first: acceleration on design response spectrum corresponding to equivalent 
period at first flexural element ultimate point Ffirst on damaged capacity 
spectrum (gal) 
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Fig. 2 - 25  
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2.6 Influence of ground motion characteristics on R 
In the response spectrum based method presented in former part of this chapter, the 
residual seismic capacity ratio, R, is evaluated based on capacity spectra which represent 
performance of the structures and response spectra through which characteristics of 
ground motions are considered. That is to say evaluation results of the response spectrum 
based method are influenced by both characteristics of the ground motions and 
performance of the structures. In this section, how the ground motion characteristics 
effect residual seismic capacity of the damaged structures is investigated based on SDOF 
systems. 
 
2.6.1 Formulation of R for SDOF system 
Considering deteriorations in strength, deformation and damping capacity of the damaged 
structures by reducing spectral acceleration, Sa, spectral displacement, Sd, and equivalent 
viscous damping ratio, hu, at safety limit point of capacity spectrum of the structures. 
Then residual seismic capacity ratio, R, of the damaged structures can be expressed by 
the seismic performance reduction factors defined in 2.4.  
 
 
Fig. 2 - 26 performance deterioration of SDOF system 
 
As shown in Fig. 2 - 26, spectral acceleration and displacement at safety limit of the 
damaged structures’ capacity spectra is obtained by reducing those of the intact structures’ 
capacity spectra as 
 D au b auS S    (2.41) 
 D du d duS S    (2.42) 
where,  
Sau, DSau: spectral acceleration at safety limit of the intact and damaged structures’ 
aS
dS
duSD duS
D uh
uh
D auS
auS
Strength 
reduction
Deformation capacity reduction
Damping capacity reduction
Safety limit 
pointIntact
Damaged
CHAPTER 2 Response Spectrum Based Evaluation Method 
2-38 
 
capacity spectra; 
ηb: reduction factor of strength of the structures; 
Sdu, DSdu: spectral displacement at safety limit of the intact and damaged structures’ 
capacity spectra; 
ηd: reduction factor of deformation capacity of the structures 
 
At safety limit of the capacity spectra, the equivalent viscous damping ratio of 
structures can be evaluated by Equation (2.43) based on plasticity coefficient at the safety 
limit.  
 0
11u hh h  
 
      
  (2.43) 
where,  
hu: equivalent viscous damping ratio at safety limit of intact structures; 
h0: inherent damping ratio 
μ: plasticity coefficient at safety limit of intact structures; 
βh: damping parameter related to the hysteretic energy dissipating capacity of 
the elements 
 
After the structures are damaged, their hysteretic energy dissipation capacity 
deteriorates, which is considered through reducing the equivalent damping ratio 
contributed by hysteretic energy dissipation in Equation (2.43) by the damping capacity 
reduction factor, ηh, and the equivalent viscous damping ratio at safety limit of the 
damaged structures’ capacity spectra can be evaluated as Equation (2.44), in which the 
plasticity coefficient at the safety limit is also reduced by the deformation capacity 
reduction factor, ηd. 
 0
11D u h h
d
h h  
 
 
       
  (2.44) 
To evaluated residual seismic capacity of the SDOF systems, at first SCI at their 
safety limit shown be obtained. At that time, spectral acceleration on the response spectra, 
Sae, should be considered. In the investigation carried out here, response spectra are 
considered as the typical design response spectrum[4][7] for design of low- and middle-rise 
structures composed of the constant acceleration region and the constant velocity region, 
as shown in Fig. 2 - 27. These two regions in the response spectra expressed in the 
acceleration-displacement response spectra (ADRS) form are divided by a corner period, 
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TC. When the period is shorter than TC, the spectral acceleration equals constant value, 
Sa0, as shown in Equation (2.45). When the period is longer than TC, the spectral 
acceleration reduces with increase of the period, and expressed as reciprocal function of 
the period, T, in which a constant spectral velocity, Sv0, is included.  
 
 
Fig. 2 - 27 Constant acceleration and velocity region in response spectrum 
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  (2.45) 
According to Equation (2.16), and considering the reductions in Sau, Sdu and hu from 
intact structures to damaged ones, as well as Sae given by Equation (2.45), residual 
seismic capacity ratio, R, can be expressed by the reduction factors ηb, ηd and ηh. For the 
situation that the equivalent period at safety limit of the capacity spectrum, Tu, is within 
the constant acceleration region of the response spectrum as shown in Fig. 2 - 27 (a), R 
can be written as Equation (2.46). 
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For the situation that Tu is within the constant velocity region of the response 
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spectrum as shown in Fig. 2 - 27 (b), R can be written as Equation (2.47) 
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  (2.47) 
For the same structure, under the ground motions with response spectra in which the 
spectral acceleration keep in relatively high level until a long period, which can be 
represented by the response spectrum in Fig. 2 - 27 (a), Tu of the structure is easier to be 
within the constant acceleration region. Meanwhile for the ground motions having 
response spectra in which the spectral acceleration begins to decrease at a shorter period, 
which can be represented by the response spectrum in Fig. 2 - 27 (b), Tu of the structure 
is easier to be within the constant velocity region. Therefore, the equation between R and 
the performance reduction factors, ηb, ηd and ηh, of the damaged structures changes 
according to shape of response spectrum of the ground motions. 
 
  
Fig. 2 - 28 Rapid and slow decreasing slope of response spectrum 
 
Moreover, in the period region longer than TC, decreasing slope of the response 
spectra also influence the value of R. To investigate the influence, spectral acceleration 
on the response spectra is considered by Equation (2.48) for the period region longer 
than TC, in which λ is a parameter related to decreasing slope of the response spectra. 
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When λ equals 1, Equation (2.48) degrades to (2.45) for the design response spectrum. 
When the spectral acceleration decrease rapidly compared with the design response 
spectrum as shown in Fig. 2 - 28 (a), λ is higher than 1, and the slowly decreasing of 
spectral acceleration corresponds to a λ lower than 1. 
 02 v Cae
C
S TS
T T
     
  (2.48) 
By substituting Equation (2.48) into Equation (2.16), residual seismic capacity ratio, 
R, can be written as Equation (2.49), in which decreasing slope of response spectra in the 
period region longer than TC can be taken into consideration. That is to say R is also 
influenced by the decreasing slope of response spectra. 
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2.6.2 Effect of performance reduction factors on R 
Based on the equations of residual seismic capacity ratio, R, influence of the response 
spectra’s shapes on R is investigated. The investigation focuses on effect of the reductions 
in different seismic performances to the residual seismic capacity ratio. Various response 
spectra are considered here.  
At first to consider change between the constant acceleration region and the constant 
velocity region, one capacity spectrum of which the equivalent period at safety limit point, 
Tu, equals 0.864s, and the plasticity coefficient, μ, equals 4, as well as five response 
spectra with different TC changes from 0.432s to 1.296s are set. 0.864s is value of the TC 
for the design response spectrum in design and performance evaluation guideline of 
Japan[4][7], corresponding to the second type of site. TC of the five response spectra are 
respectively 0.5, 0.75, 1, 1.25 and 1.5 time of that of the design response spectrum. Tu of 
the capacity spectrum is in different period regions of these response spectra, as shown in 
Fig. 2 - 29. 
On the other hand, to consider different decreasing slope in response spectra, as 
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shown in Fig. 2 - 30, five response spectra with different decreasing slope in the region 
of period longer than TC are set. TC equals 0.864s and the parameter related to decreasing 
slope of response spectra, λ, of the five response spectra are set to be 0.5, 0.75, 1, 1.25 
and 1.5, corresponding to slowly to rapidly decreasing in acceleration response. One 
capacity spectrum with μ equals 4 and Tu equals 1.728s, which is enough to be longer 
than the TC of these five response spectra, is considered. 
 
 
Fig. 2 - 29 Response spectra with different TC 
 
 
Fig. 2 - 30 Response spectra with different decreasing slope 
 
Based on the equations between residual seismic capacity ratio, R, and the reduction 
factors in strength, deformation and damping capacity, ηb, ηd and ηh, given by Equation 
(2.46), Equation (2.47) and Equation (2.49), the effect of each of the performance 
reduction on the residual seismic capacity ratio are investigated. By respectively reducing 
the three reduction factors one by one and keeping the other two to be 1, R is calculated 
for each of the cases shown in Fig. 2 - 29 and Fig. 2 - 30, and the result are shown in Fig. 
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2 - 31 and Fig. 2 - 32. The inherent damping ratio, h0, and damping parameter, βh, is 
considered as 0.05 and 0.25 in the calculation. 
In Fig. 2 - 31, the response spectra with different TC are considered. It can be found 
that with increase of TC, Tu of the capacity spectrum change from the constant velocity 
region to the constant acceleration region gradually. When TC equals 0.432s and Tu is 
within the constant velocity region, as shown in Fig. 2 - 31 (a), R decreases mostly rapidly 
with reduction of the deformation capacity reduction factor, ηd, which means the 
reduction in deformation capacity has the largest effect on residual seismic capacity of 
the structures, when their equivalent period at the safety limit are within the constant 
velocity region of response spectra. Meanwhile, the reduction in damping capacity has 
the smallest effect on residual seismic capacity of the structures. With increase of TC, R 
corresponding to the deformation capacity reduction factor, ηd, gradually increase, and 
reduction of R due to the strength reduction factor, ηb, becomes more and more rapid. 
Which means when TC of the response spectra changes from shorter than Tu of the 
capacity spectra to be longer than it, effect of strength deterioration on structures’ residual 
seismic capacity increase, together with reduce in effect of deformation capacity 
deterioration. For a ground motion with response spectrum of which TC is shorter and Tu 
of structures is likely to be within constant velocity region of the response spectrum, 
deformation capacity deterioration likely to effect the residual seismic capacity mostly 
and strength deterioration tend to have smaller effect. On the other hand, for a ground 
motion having response spectrum with longer TC, in which Tu of structures is likely to 
enter constant acceleration region of the response spectrum, the performance 
deterioration mostly effect the structure’s residual seismic capacity is likely to be strength 
deterioration, meanwhile effect of the deformation capacity deterioration tend to become 
smaller. Effect of the damping capacity deterioration does not change among the different 
response spectra.  
In Fig. 2 - 32, the response spectra with different decreasing slope are considered. It 
can be found that with increase of λ, decreasing slope of the response spectra becomes 
more and more rapid and correspondingly effect of the strength deterioration becomes 
from large to small, meanwhile effect of the deformation capacity gradually increase. For 
a ground motion having response spectrum in which acceleration response reduce rapidly 
with increase of period, residual seismic capacity of structures likely reduces more rapidly 
with deterioration in deformation capacity. Meanwhile for a ground motion having the 
response spectrum of which acceleration response keep in relatively high level even at 
the longer period, structures’ residual seismic capacity tend to be effected more by 
deterioration in strength. Besides, effect of damping capacity deterioration is also 
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independent from the decreasing slope of response spectra.  
 
 
(a) TC = 0.432s 
 
(a) TC = 0.648s 
 
(a) TC = 0.864s 
 
(a) TC = 1.080s 
 
(a) TC = 1.296s 
Fig. 2 - 31 Reduction of R due to different performance reduction factors under 
response spectra with different TC 
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(a) λ=1.5 
 
(b) λ=1.25 
 
(c) λ=1.0 
 
(d) λ=0.75 
 
(e) λ=0.5 
Fig. 2 - 32 Reduction of R due to different performance reduction factors under 
response spectra with different λ 
 
It can be concluded from the analysis above that characteristics of different ground 
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constant acceleration region and smaller decreasing slope in response spectra means 
structures’ residual seismic capacity are effected more by strength deterioration and effect 
of deformation capacity deterioration tend to be small. On the other hand, shorter constant 
acceleration region as well as larger decreasing slope in response spectra leads to larger 
effect of deformation capacity deterioration and smaller effect of strength deterioration. 
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2.7 Influence of structure characteristics on R 
After the investigation on influence of ground motion characteristics to structures’ 
residual seismic capacity, on the other hand, the influence from characteristics of 
structures is investigated in the following.  
 
2.7.1 Investigation on the structure with single failure mode 
At first failure mode of the structures are considered, capacity spectrum of the structure 
composed of shear and flexural elements are considered as the trilinear models shown in 
Fig. 2 - 33. Their damage classes are determined according to the plasticity coefficients. 
The performance deterioration in each of the damage classes are considered by the 
reduction factors given by Table 2 - 3. 
 
 
(a) Structures composed of shear 
elements 
(b) Structures composed of flexural 
elements 
Fig. 2 - 33 Capacity spectrum for structures  
 
 
(a) Change of capacity spectra 
 
(b) shift of R 
Fig. 2 - 34 Shift of R for structures composed of shear and flexural elements  
aS
dS
Ⅰ Ⅱ Ⅲ Ⅳ
Damage class
dyS 1.5 dyS 2 dyS0.5 dyS0.1 dyS
V
aS
dS
Ⅰ Ⅱ Ⅲ Ⅳ
2 dyS 3 dyS 5 dySdyS0.1 dyS
Damage class
V
0
200
400
600
800
1000
1200
1400
0 10 20 30 40
(gal)aS 　
 (cm)dS
Design Response spectrum
S1 F1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.2 0.4 0.6 0.8 1 1.2
R
Ground motion magnification
S1 F1
CHAPTER 2 Response Spectrum Based Evaluation Method 
2-48 
 
 
The two SDOF system corresponding to the structure composed of shear and flexural 
elements, namely SDOF sysmte S1 and F1, are designed to have same SCI at their safety 
limit as shown in Fig. 2 - 34 (a). With increase of ground motion magnification, their 
residual seismic capacity ratio, R, are shown in Fig. 2 - 34 (b). R of F1 decrease gradually 
with increase of the ground motion magnification, as well as the damage class. On the 
other hand R of S1 reduce slightly under relatively lower ground motion magnification 
and suddenly reduce significantly after reaches damage class IV due to reduction in 
strength. 
 
 
(a) Change of capacity spectra 
 
(b) shift of R  
Fig. 2 - 35 Shift of R for flexural structures with different period 
 
Then the structures composed of flexural elements and have different periods are 
considered by the SDOF systems shown in Fig. 2 - 35 (a). Their residual seismic capacity 
ratio, R, corresponding to different ground motion magnifications are shown in Fig. 2 - 
35 (b). It can be found that the structure with shorter period tend to have higher residual 
seismic capacity at relatively lower ground motion magnification, however their residual 
seismic capacity reduce more rapidly when the structure enters damage class IV. 
 
2.7.2 Investigation on the structure with mixed failure modes 
The structures composed of both flexural and shear elements are investigated by 
considering their capacity spectra with the models shown in Fig. 2 - 36 (a). Ratio of the 
flexural and shear elements’ strength changes among the capacity spectra. As shown in 
Fig. 2 - 36 (b), for the structures in which strength of the shear elements are not so large 
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and the structures are dominated by flexural failure mode, their residual seismic capacity 
decrease gradually with increase of the ground motion magnification. On the other hand, 
when strength of the shear elements becomes large enough and dominant failure mode of 
the structure changes to be shear failure mode, a rapid reduction of R can be observed 
when the shear elements reach the ultimate deformation. 
 
 
(a) SF1 
 
(b) SF2 
 
(c) SF3 
Fig. 2 - 36 Shear and flexural spring in the SDOF system 
 
 
(a) Change in capacity spectra 
 
(b) Shift of R 
Fig. 2 - 37 Shift of R for structures having different proportions of shear and 
flexural elements  
 
Period of the structures composed of flexural and shear elements are also considered 
as shown in Fig. 2 - 38 (a). Even the structures have the same ratio between the flexural 
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failure mode changes from flexural failure mode to shear failure mode. As a result, 
residual seismic capacity reduce rapidly when the shear elements enter damage class IV.  
 
(a) Change in capacity spectra 
 
(b) Shift of R 
Fig. 2 - 38 Shift of R for structures composed of shear and flexural elements with 
different period 
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2.8 Verification of the response spectrum based method 
The residual seismic capacity evaluation method by using nonlinear dynamic analysis is 
introduced in this section and its evaluation results are utilized to verify validity of the 
response spectrum based method. 
 
2.8.1 Evaluation of R by using time history analysis 
For the SDOF system corresponding to an intact structure, the amplification of a 
ground motion required by ultimate deformation, A0, is considered as indicator of seismic 
capacity of the intact structure under the ground motion as shown in Fig. 2 - 39 (a). By 
inputting the same ground motion twice continuously to the same SDOF system, the first 
ground motions makes the SDOF system to reach certain damage class and the damaged 
SDOF system reaches its ultimate deformation under the second ground motion, as shown 
in Fig. 2 - 39 (b). Amplification of the second ground motion is considered as seismic 
capacity indicator of the damaged SDOF system, thus residual seismic capacity ratio of 
the SDOF system, R, can be evaluated by Equation (2.50). 
 
0
riAR
A
   (2.50) 
where,  
Ari: amplification of ground motion required by damaged SDOF system to 
reach ultimate deformation; 
A0: amplification of ground motion required by intact SDOF system to reach 
ultimate deformation. 
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(a) One time ground motion input 
 
 
(b) Continous two times ground motion input 
Fig. 2 - 39 Hysteretic curve for one time ground motion input and continuous two 
times ground motion input 
 
The relationship between the amplification A0 and Ari can be also understood from 
the response time history of Sd as shown in Fig. 2 - 40. By inputting the first ground 
motion in different intensity to make the SDOF system to reaches its different damage 
classes, residual seismic capacity ratio corresponding to each damage class can be 
evaluated by Equation (2.50), as shown in Fig. 2 - 41. 
This method is considered to be more accurate than the response spectrum method for 
evaluation of residual seismic capacity as the actual behavior of structures during an 
earthquake can be reflected better by the nonlinear dynamic analysis and various ground 
motions can be considered through inputting different ground motions. Based on SDOF 
systems, evaluation results of the response spectrum method and the dynamic analysis 
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based method are compared in this section to verify validity of the response spectrum 
method initially. 
 
 
(a) One time ground motion input 
 
 
(b) continuous two times ground motion input 
Fig. 2 - 40 Time history of Sd for one time ground motion input and continuous two 
times ground motion input 
 
 
Fig. 2 - 41 Residual seismic capacity evaluation for different damage classes 
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2.8.2 Setting of SDOF models and ground motions 
The trilinear hysteretic model shown in Fig. 2 - 42 and Fig. 2 - 43 are utilized and the 
deterioration in strength and stiffness, which leads to the pinching effect, are considered 
by Equation (2.51), Equation (2.52) and Equation (2.53). 
 
Fig. 2 - 42 Trilinear model for restoring force-deformation relationship of  
SDOF systems 
 
  
Fig. 2 - 43 Hysteretic model and deterioration in strength and stiffness 
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Information of the SDOF systems investigated in this section is summarized in Table 
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2 - 4. The SDOF system F1 ~ F3 are considered to reflect flexural failure mode with 
ultimate plasticity coefficient of 5 at which the strength is 60% of the yielding strength. 
The SDOF system S1 ~ S3 are considered to have shear failure mode with ultimate 
plasticity coefficient of 4 at which the strength is 40% of the yielding strength. The SDOF 
system SF1 ~ SF5 are composed by both flexural and shear springs and the strength ratio 
between flexural and shear springs, as well as elastic period are different among the SDOF 
systems. The elastic period and hysteretic restoring force-deformation relationship of the 
SDOF systems are shown in Fig. 2 - 44. 
 
Table 2 - 4 Information of SDOF systems 
SDOF model 
Elastic 
period 
Stiffness 
reduction rate at 
yielding point 
Yielding 
strength 
Yielding 
deformation 
Ultimate 
strength 
Ultimate 
deformation 
K0 (kN/mm) αy Fy (kN) Dy (mm) Fu (kN) Du (mm) 
F1 40 
0.3 300 
25 
180 
125 
F2 20 50 250 
F3 5 200 1000 
S1 183.3 
0.4 1100 
15 
440 
60 
S2 91.7 30 120 
S3 22.9 120 480 
SF1 
F 6.7 0.3 100 50 60 250 
S 41.7 0.4 500 30 200 120 
SF2 
F 20 0.3 300 50 180 250 
S 25 0.4 300 30 120 120 
SF3 
F 33.3 0.3 500 50 300 250 
S 8.3 0.4 100 30 40 120 
SF4 
F 40 0.3 
300 
25 180 125 
S 50 0.4 15 120 60 
SF5 
F 5 0.3 200 180 1000 
S 6.3 0.4 120 120 480 
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(a) F1 (T0 = 0.314s) 
 
(b) F2 (T0 = 0.444s) 
 
(c) F3 (T0 = 0.889s) 
 
(d) S1 (T0 = 0.147s) 
 
(e) S2 (T0 = 0.208s) 
 
(f) S3 (T0 = 0.415s) 
 
(g) SF1 (T0 = 0.286s) 
 
(h) SF2 (T0 = 0.296s) 
 
(i) SF3 (T0 = 0.308s) 
 
(j) SF4 (T0 = 0.209s) 
 
(k) SF5 (T0 = 0.592s)  
Fig. 2 - 44 Hysteretic curve of SDOF systems 
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(a) L01 
 
(b) L02 
 
(c) S01 
 
(d) S02 
Fig. 2 - 45 Acceleration time history of the artificial ground motions 
 
For artificial ground motions having duration of 120s and 30s are generated by taking 
the design response spectrum for the second type of site[4][7] as the target response 
spectrum, their time history of acceleration are shown in Fig. 2 - 45 and response spectra 
are shown in Fig. 2 - 47. 
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(a) Mashiki-EW 
 
(b) Taft-EW 
 
(c) EL Centro-EW 
 
(d) Hachinohe- EW 
Fig. 2 - 46 Acceleration time history of recorded ground motions 
 
Meanwhile four recorded ground motions are adopted, their time history of 
acceleration and response spectra are shown respectively in Fig. 2 - 46 and Fig. 2 - 48. 
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Fig. 2 - 47 Response spectrum of artificial ground motions and the target spectrum 
 
 
(a) Mashiki-EW 
 
 
(b) Taft-EW 
 
 
(c) El centro-EW 
 
(d) Hachinohe-EW 
Fig. 2 - 48 Response spectrum of the recorded ground motions and the design 
response spectrum 
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2.8.3 Comparison of R 
Evaluation results of residual seismic capacity ratio, R, by the response spectrum based 
method and the dynamic analysis based method, for each damage class of the SDOF 
systems are compared in Fig. 2 - 49, Fig. 2 - 50 and Fig. 2 - 51. The results given by the 
dynamic analysis based method show significant dispersion among the different ground 
motions, especially for the recorded ground motions. On the other hand, despite 
differences in period, strength, deformation and damping capacity among the SDOF 
systems, the results given by the response spectrum based method are generally at 
boundary limit of the results of dynamic analysis based method. So it can be concluded 
from the comparison that based on the design response spectrum, by pushover analysis 
the response spectrum based method may be able to give an evaluation of residual seismic 
capacity ratio at about lower boundary of the dynamical analysis based evaluation results. 
Considering the inevitable dispersion in the dynamic analysis based method, as well as 
the difficulty of conducting dynamic analysis on more complex frame models composed 
of flexural and shear elements, in the following investigation on estimation accuracy of 
the simplified evaluation method proposed in Chapter 3, evaluation results of the response 
spectrum based method are taken as the reference values. 
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(a) S1-Artifitical ground motions 
 
(b) S1-Recorded ground motions 
 
(c) S2-Artificial ground motions 
 
(d) S2-Recorded ground motions 
 
(e) S3-Artificial ground motions 
 
(f) S3-Recorded ground motions 
  
Fig. 2 - 49 Comparison of residual seismic capacity ratio for shear SDOF systems 
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(a) F1-Artifitical ground motions 
 
(b) F1-Recorded ground motions 
 
(c) F2-Artifitical ground motions 
 
(d) F2-Recorded ground motions 
 
(e) F3-Artifitical ground motions 
 
(f) F3-Recorded ground motions 
  
Fig. 2 - 50 Comparison of residual seismic capacity ratio for flexural SDOF systems
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(a) SF1-Artifitical ground motions 
 
(b) SF1-Recorded ground motions 
 
(c) SF2-Artifitical ground motions 
 
(d) SF2-Recorded ground motions 
 
(e) SF3-Artifitical ground motions 
 
(f) SF3-Recorded ground motions 
  
Fig. 2 - 51 Comparison of residual seismic capacity ratio for SDOF systems 
composed of shear and flexural elements 
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(g) SF4-Artifitical ground motions 
 
(h) SF4-Recorded ground motions 
 
(i) SF5-Artifitical ground motions 
 
(j) SF5-Recorded ground motions 
Fig. 2 - 51 (Continued) 
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2.9 Summary 
In this chapter, the detailed evaluation method based on response spectrum is presented 
and investigated. The major findings in this chapter can be summarized as below. 
 
1) The detailed evaluation method for the residual seismic capacity (R), based on the 
response spectrum, was explained. 
 - In the method, the deterioration in strength, deformation and damping capacity were 
taken into account by means of reducing the corresponding performances of element 
models. 
 - In the method, different deformation and failure mode of each element were considered, 
and pushover analysis was carried out. Then, the dominant failure mode (shear / 
flexural) was judged, based on seismic capacity indicators (SCIs) at shear and flexural 
element ultimate point, defined as S and F, and judgement index (Md). 
 
2) The influence of response spectrum and structure characteristics on the residual seismic 
capacity (R) were investigated. 
- If the reduction of acceleration response occurs in the long period of the response 
spectrum, the effect of strength deterioration on R is likely to be significant. However, 
when the reduction of acceleration response begin at relatively shorter period, the effect 
of deformation deterioration on R tends to be larger.     
- If the structure is dominated by flexure failure mode, the value of R reduces gradually 
with increase of element damage. On the other hand, R decreases abruptly with shear 
element damage, when the shear failure mode is dominant.  
- In the structures, composed of flexural and shear elements, the degrading tendency of 
R is different according to the proportion of shear element. 
 
3) The value of residual seismic capacity (R) by response spectrum based method were 
compared with that by nonlinear dynamic analysis. 
 - In the results of dynamic analysis using single degree of freedom (SDOF) systems, 
significant dispersion was observed among different ground motions.  
- On the other hand, results of the response spectrum based method were found at the 
lower boundary of the dynamic analysis results, regardless of changes of the SDOF 
systems and ground motions, which means conservative estimates.  
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Chapter 3 
Structural Internal Work Based Method 
 
 
3.1 Outline of the evaluation method 
As Introduced in Section 1.3, aiming at the post-earthquake field investigation, simplified 
evaluation methods of residual seismic capacity have been proposed by previous 
researches[1]~[4]. The common feature of these simplified methods is that they are all based 
on the collapse mechanism of damaged structures. Some of these methods are adopted by 
the current Standard of Damage Evaluation of Seismic Damaged Buildings of Japan[5], 
and are widely used in the post-earthquake field investigation of many past earthquakes. 
The current standard simplified method, when considering reduction in seismic capacity 
of damage elements and the contribution of each element to the structural seismic capacity 
(which is the weighting coefficient of each element), does exist some limitations. In order 
to expand the application scope of the simplified evaluation method, and, at the meantime, 
improve its evaluation accuracy, in this chapter, we propose the internal work based 
evaluation method. Outline of this method is presented in this section. 
 
3.1.1 Definition of residual seismic capacity ratio 
In the current standard method, seismic capacity reduction of damaged elements is 
considered by the seismic capacity reduction factor, η, which is defined by residual energy 
dissipation of the elements. Then the energy dissipated by the structure is evaluated based 
on the principle of virtual work, that is to say, the external work done by seismic force 
equals to the internal work done by restoring force of the elements. As shown in Fig. 3 - 
1, the seismic force is considered as monotonic force and, based on this assumption, the 
internal work done by restoring force of elements is approximately evaluated by the 
product of their ultimate strength and deformation, as their energy dissipations is thought 
to be generate after they yield and reach the ultimate strength. In the case of the global 
collapse structure composed of flexural elements shown in Fig. 3 - 1, the internal work 
of element i is expressed as product of ultimate bending moment, Mui, and rotation, θi. In 
the case of story collapse structure, the internal work of element is expressed as product 
of the ultimate lateral force, Qui, and lateral deformation, δui, of the vertical elements in 
the collapse story.  
Capacity reduction of the damaged elements are considered only from their strength. 
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Through reducing the ultimate strength of element i by the seismic capacity reduction 
factor, ηi, when deformation remains the same, the internal work of element i is also 
reduced by ηi. At the same time, deformations among all the elements are assumed to be 
the same, and virtually all of the elements are supposed to have the same ultimate 
deformation capacity. Based on this, the residual seismic capacity ratio, R, is defined as 
the ratio of the structural internal work after damage to that of the intact structure, and in 
the case of global collapse structures and story collapse structures, R is evaluated by 
Equation (3.1) and Equation (3.2), respectively. The equations suggest that R is 
calculated as a weighted average of the seismic capacity reduction factor, ηi, of each 
element. The weighting coefficient of each element are their internal work, and based on 
the assumption of same element deformation, the weighting coefficients are degraded to 
be the strength of the elements. 
 
 
Fig. 3 - 1 Reduction of Energy Dissipation Capacity of Damaged Elements in 
Structures with Global Collapse Mechanism Based on Monotonic Loading. 
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It is reasonable to evaluate the seismic capacity through considering its internal work 
of structures (i.e., the seismic energy dissipation capacity). However, during the 
earthquake, structure experiences seismic vibration, and the seismic energy is actually 
Ⅱ Ⅲ Ⅱ Ⅱ
I I Ⅰ I
I I Ⅱ IⅡ Ⅱ Ⅱ
Ⅲ Ⅲ Ⅱ
Ⅲ Ⅳ Ⅲ
Deformation
R
es
to
rin
g 
fo
rc
e uiM
ui
Deformaiton
Re
st
or
in
g 
fo
rc
e
i uiM 
ui
ui iM 
i ui iM  
Supposed to be
the same for all 
elements
Intact ElementStructure
Damaged ElementStructure
Monotonic 
force
Monotonic 
force
CHAPTER 3 Structural Internal Work Based Method 
3-3 
 
dissipated through hysteretic behavior of elements. Therefore, unlike the consideration 
based on monotonic force in the current standard method, elements’ damping capacity 
related to the shape of their hysteretic loops should be included in the evaluation of 
internal work. As mentioned in 2.4, according to the loading test and field investigation 
results, deterioration of elements’ seismic capacity has different performances. For 
example, the strength degradation due to concrete spalling, reduction in deformation 
capacity is related to residual deformation and damage, and the deterioration in damping 
capacity caused by stiffness degradation and pinching effect happens in the hysteretic 
loops. As shown in Fig. 3 - 2, all of these result in decrease of cyclic energy dissipation. 
In the internal work based method proposed in this research, the residual seismic capacity 
ratio, R, is defined as the ratio of energy dissipation of the damaged structures to that of 
the intact ones, as shown in Equation (3.3). Similar to the current standard method, R is 
also calculated as a weighted average of seismic capacity reduction factor of each element. 
But the seismic capacity reduction factor is upgraded to be the residual ratio of elements’ 
cyclic energy dissipation, ηWi, considering their hysteretic behavior in the proposed 
internal work based method, in which the deteriorations in strength, deformation and 
damping capacity can be all included. Meanwhile weighting coefficient of each element 
are considered as their cyclic energy dissipation, Ei, in this method.  
 
 
Fig. 3 - 2 Reduction of Energy Dissipation Capacity of Damaged Elements in 
Structures with Global Collapse Mechanism Based on Cyclic Loading. 
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3.1.2 Factors considered in element weighting coefficient 
Both in the current standard method and the internal work based method proposed in this 
chapter, the structural residual seismic capacity ratio, R, is calculated as weighted average 
of the seismic capacity reduction factor of each element. For sake of simplicity, the 
current standard method take strength of each element as their weighting coefficients 
based on the hypothesis that all the elements have the same deformation. This hypothesis 
on the typical frame structures might be reasonable. However, like what has been 
observed in the field investigations, in many cases, the elements in the target structures 
have different deformation from each other.  
First, different spans of elements make the element deformations different. As shown 
in Fig. 3 - 3 (a), the sill wall and wing wall restrict deformation of the column and beam, 
which reduces clear span of these elements. Based on the geometrical relationship, the 
elements having shorter clear span tend to experience larger deformation, compared with 
those elements having longer clear span without restriction from the walls. 
 
 
(a) 
 
 
(b) 
Fig. 3 - 3 Variation in Element Deformation Based on Clear Spans. 
 
Moreover, depends on distribution of the inertia force and story stiffness along the 
Larger deformation
Wing 
wallSill 
wall
Smaller deformation
Larger 
deformation
Smaller 
deformation
Smaller 
deformation
Smaller story drift
Larger story drift
Larger 
deformation
CHAPTER 3 Structural Internal Work Based Method 
3-5 
 
height of structures, the story drifts also change along the height. As shown in Fig. 3 - 3 
(b), obviously the elements locating in the story with smaller drift tend to have smaller 
deformation, at the same time the elements locating in the story with larger drift tend to 
have larger deformation. For the structures with story collapse mechanism, of course the 
story drift as well as the element deformations concentrated at the collapsed story after 
formation of the mechanism. For the structures with global collapse mechanism, if the 
structure is low-rise and having less stories, the difference among story drifts may be 
ignorable, but the influence may become significant with increase of the number of stories 
and the height of structures. 
For the same restoring force, more cyclic energy is dissipated by the elements with 
larger deformation. As structural energy dissipation is considered as seismic capacity of 
the structures in the internal work based method, those elements with larger deformation 
contribute more to the structural seismic capacity. As in Equation (3.3), the weighting 
coefficient of each element are considered as their cyclic energy dissipation, the elements 
with larger deformation should also have larger weighting coefficients. In the proposed 
internal work based method, various deformation of the elements are considered in their 
weighting coefficients. 
 
In the case of the structures composed of both flexural and shear elements, cyclic 
energy dissipation of the elements change significantly according to the failure mode. 
Flexural elements are generally considered to have larger cyclic energy dissipation 
because of good deformation capacity and hysteretic energy dissipation capacity 
(damping capacity). In contrast, shear elements are generally featured by poor 
deformation capacity and hysteretic energy dissipation capacity (damping capacity), of 
which the cyclic energy dissipation is considered to be much smaller. However, if the 
structures are dominated by shear failure mode, which means they reach their safety limit 
when the shear elements reach their ultimate deformations, the flexural elements may be 
not able to bring its deformation and damping capacity into full play. In another word, 
proportion of energy dissipation between the flexural and shear elements is not only 
determined by their different deformation and damping capacity, but also depends on 
dominant failure mode of the structures. 
As seismic capacity of structures are considered as structural energy dissipation, and 
weighting coefficient of each element are considered as element cyclic energy dissipation 
in the internal work based method, in the proposed internal work based method, different 
failure mode of the elements, as well as the structural dominant failure mode, are 
considered in the element weighting coefficients. 
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According to 2.4.3, deterioration in strength, deformation and damping capacity of 
damaged flexural and shear elements are different from each other, which leads to the 
difference between their reductions of cyclic energy dissipation. That means the seismic 
capacity reduction factor, ηWi, which is defined as residual ratio of the element cyclic 
energy dissipation, has different values for flexural and shear elements. Consider the 
weighting coefficient of flexural and shear elements (ηWSi and ηWFi). Because of the 
difference in their cyclic energy dissipation, Equation (3.3) is rewritten as Equation (3.4), 
and the influence of various element deformations are included in both ESi and EFi. 
 
 
 
Fig. 3 - 4 Cyclic Energy Dissipation Capacity of Shear and Flexural Elements. 
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3.2 Seismic capacity reduction factor of structural elements 
The residual seismic capacity ratio of damaged structures, R, is determined as a weighted 
average of the seismic capacity reduction factor of damaged elements, ηWi, in the proposed 
internal work based method. ηWi is defined as residual ratio of the elements’ energy 
dissipation. In this section, energy dissipation of elements are evaluated based on 
definition of the equivalent viscous damping ratio, then the seismic capacity reduction 
factor, ηWi, is obtained from the seismic performance reduction factors of damaged 
elements. 
 
3.2.1 Estimation of element seismic capacity 
The equivalent viscous damping ratio of element i, hi, is defined as ratio of energy 
dissipated in one cycle of elements’ hysteretic vibration to the corresponding strain energy, 
as shown in Equation (3.5). hi is combination of the inherent damping ratio, h0, and the 
equivalent hysteretic damping ratio, hei, which means the cyclic energy dissipation, Ei, 
comes from the inherent damping and the hysteretic behavior of elements, as shown in 
Equation (3.7).  
 
 
(a) 
 
(b) 
Fig. 3 - 5 Cyclic Energy Dissipation Capacity of Intact and Damaged Flexural 
Elements at Ultimate Strength. 
 04i ei eiE W h h  
Deformation
Restoring 
force
uiM
ui
eiW
iE
b uiM 
d ui 
Deformation
Restoring 
force
D eiWD iE
 04D i D ei hi eiE W h h    
CHAPTER 3 Structural Internal Work Based Method 
3-8 
 
 0 0
1 11
4
i
i ei h
eii
Eh h h h
W


 
         
  (3.5) 
  0 0 14 2 1i ei ei ui ui h
i
E W h h M h   

  
            
  (3.6) 
In the internal work based method, seismic capacity of the elements are considered 
as their cyclic energy dissipation at the ultimate state, as shown in Fig. 3 - 5. At the 
ultimate state of the elements, the potential energy, Wei, is product of their ultimate 
strength and ultimate deformation. And the equivalent hysteretic damping ratio, hei, can 
be evaluated as a function of the plasticity coefficient, μi. Fig. 3 - 5 and Equation (3.6) 
show the condition of flexural elements, in which the ultimate strength and deformation 
are considered as ultimate bending moment and rotation of the elements. In the case of 
shear elements, the cyclic energy dissipation can be expressed as Equation (3.7). 
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  (3.7) 
For the damaged elements, the deterioration in strength, deformation and damping 
capacity are considered by reducing their ultimate strength, deformation capacity and 
equivalent hysteretic damping ratio by the performance reduction factors, ηbi, ηdi and ηhi. 
Then the cyclic energy dissipation of the damaged elements can be similarly evaluated 
by Equation (3.8) for the flexural elements, and by Equation (3.8) for the shear elements. 
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              
  (3.8) 
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12 1D i b ui d ui hi h
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              
  (3.9) 
It should be noted that according to the definition, Ei is energy dissipated by the 
elements in one circle of vibration when they reach the ultimate state, instead of the 
energy dissipation the elements experience in a real earthquake. In real earthquake, energy 
dissipation is influenced by the history of seismic response. Therefore, it is difficult to 
make an accurate evaluation. As a simplified evaluation method, the internal work based 
method utilize Ei as an indicator to roughly evaluate the energy dissipation capacity of 
the structure’s elements, and reflect the influences on energy dissipation exerted by the 
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different performances (strength, deformation and damping capacity). 
 
3.2.2 Determination of seismic capacity reduction factor 
As mentioned before, the seismic capacity reduction factor, ηWi, in the internal work based 
method is defined as residual ratio of cyclic energy dissipation of the elements as Equaion 
(3.10). By substituting Equation (3.6) and Equation (3.8), ηWi is expressed as an equation 
of the performance reduction factors, ηbi, ηdi and ηhi, together with the ultimate plasticity 
coefficient, μi.  
Considering μi is difficult to evaluate directly in the fielding investigation, if the 
value of ηWi varies with μi of each element, residual seismic capacity evaluation is difficult 
to conduct in real situation. For the flexural and shear elements in each of the damage 
classes, substituting their seismic performance reduction factors shown in Table 3 - 1 into 
Equation (3.10), ηWF and ηWS corresponding to various μ are obtained and shown in Fig. 
3 - 6. It can be found that the values of ηWF and ηWS are basically not affected by the 
change of μ, and will approach certain values with the increase of μ. When μ tends to 
infinite, the extreme value of ηWF and ηWS can be calculated by Equation (3.11). The 
extreme values of ηWF and ηWS at each damage class are·shown in Fig. 3 - 6 as well. For 
the flexural elements, only when μ is smaller than 2, value of ηWF deviate slightly from 
the extreme values, nevertheless the flexural elements with ultimate plasticity coefficient 
less than 2 are considered to be rare in the reality. For the shear elements, similarly, value 
of ηWF deviate slightly from the extreme values only for the μ less than 2. At that time, 
the extreme values are considered to be conservative evaluation. Therefore, the extreme 
values of calculated by Equation (3.11) are employed in the internal work based method 
of this thesis and shown in Table 3 - 1. 
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  (3.10) 
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
  (3.11) 
 
Table 3 - 1 Fixed values of performance reduction factors 
Damage class I II III IV 
Flexural element 
ηbF 1 1 1 0.6 
ηdF 1 0.95 0.85 0.75 
ηhF 0.95 0.80 0.75 0.70 
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ηWF 0.96 0.79 0.67 0.34 
Shear element 
ηbS 1 1 1 0.4 
ηdS 1 0.85 0.7 0.5 
ηhS 0.9 0.7 0.6 0.5 
ηWS 0.95 0.72 0.56 0.15 
 
(a) (b) 
Fig. 3 - 6 Relationship of Capacity Reduction factors and Ultimate Plasticity 
Coefficient at Different Damage Classes. 
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3.3 Correction factors of weighting coefficient of structural elements 
Although in the proposed internal work based method, the residual seismic capacity ratio, 
R, is calculated similarly with the current standard method by weighted average of the 
seismic capacity reduction factors of damaged elements, the internal work based method 
is expected to be more accurate and effective by consider the weighting coefficient of 
each element more appropriately. As mentioned in 3.1.2, influence of various 
deformations and different failure modes of the elements is taken into account in their 
weighting coefficients, through corresponding correction factors. Determination method 
of the correction factors is presented in this section. 
 
3.3.1 Correction factors for various element deformation, βL and βD 
Difference between element deformations is mainly considered to be caused by different 
clear span of the elements, as well as different story drifts along height of the structures。 
The corresponding correction factor, βL and βD, are introduced below. 
 
(1) Correction factor considering element clear span, βL 
Like the idealized geometrical relationship shown in Fig. 3 - 7 (a), the spandrel and sill 
walls restrict deformation of the column 1, which results in shorter clear span of the 
column, Ch01. For the column without spandrel or sill wall, clear span of the column 2 is 
close to the story height, Ch1. Lateral displacement of both the column 1 and 2 equal to 
the story displacement, δ, as shown in Equation (3.12). So deformation of column 1, Cθ1, 
has the following relationship with the story drift, θ. Meanwhile the deformation of 
column 2 can be considered as close to θ. 
 1 01 2 1 1C C C C Ch h h           (3.12) 
 1
0
1
1
C
C
C
h
h
     (3.13) 
For the beans with shorter clear span due to existence of wing walls, according to the 
geometrical relationship shown in Fig. 3 - 7 (b), rotation angle of the beam has following 
relationship with the story drift,  
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B
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D Dx x h
h h
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h
h
x   

         
 
  (3.14) 
where,  
θ: story drift 
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Bθ: rotation angle of the beam 
Bh0: clear span of the beam 
Bh: distance between neutral axis in the section of the vertical elements 
connected by the beam 
xn1, xn2: distance between the neutral axis to the compressive edge in the section of 
column with wing wall 1 and 2 
CWD1, CWD2: depth of the section of column with wing wall 1 and 2. 
 
For the beams in a typical frame without wing walls, their Bh0 is close to Bh, and their 
rotation angles can be considered to be close to the story drift, θ. In the real field 
investigation it is too complicated to give an accurate consideration of the location of the 
neutral axis. Generally, the neutral axis is considered to be close to the compressive edge 
of elements’ sections, based on which in Fig. 3 - 7 (b) Bθ can be approximately estimated 
as  
 2 0
0 0
CW BB
B
B B
D hh
h h
        (3.15) 
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(b) 
Fig. 3 - 7 Determination of Element Deformation based on Clear Span Length. 
 
 
(a) 
 
(b) 
Fig. 3 - 8 Deformation of Elements Connected to Sill and Wing Walls. 
 
From the analysis above, the correction factor considering clear span of the elements, 
βL, is defined as ratio of deformation of the elements to that of the story where the 
elements locate. To be specific, βL is defined as ratio of the rotation angle of flexural 
elements to the corresponding story drifts, or the shear deformation of shear elements to 
the corresponding story displacements. Value of βL is determined by considering clear 
span of the elements as  
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CβLi,j: correction factor of ith column in story j considering element clear span 
Ch0i,j: clear span of the column 
Chi,j: height of the story where the column locates 
BβLi,j: correction factor of ith beam in story j considering element clear span 
Bh0i,j: clear span of the beam 
Bhi,j: distance between neutral axis in the section of the vertical elements 
connected by the beam 
 
(2) Correction factor considering distribution of story drifts, βD 
The correction factor, βL, as introduced above, describes the relationship between 
deformation of each element and the deformation of the story on certain floor. Meanwhile, 
difference also exists among deformation of the stories, which can be described from 
distribution of the story drifts. Elements on Story with relatively large story drift will 
experience larger deformation. 
The correction factor considering story drifts, βD, are evaluated by considering the 
lateral stiffness, Kj, shear force coefficient, Cj, and weight, mj, of each story. As βD is 
correction factor of elements’ weighting coefficients. What we concern here is the 
distribution of the story drifts, i.e. the relative magnitude of each story drift. Hence for 
the lateral stiffness, shear force coefficient and weight of each story considered here, only 
their distribution factors are needed. The evaluation results of story drift are normalized 
by the maximum and the normalized story drifts are utilized as the correction factor, βD, 
as shown in Fig. 3 - 9. 
 
 
Fig. 3 - 9 Normalization of Story Drift for Determination of βD Correction Factor. 
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
, (3.18) 
where,  
dj: story drift of story j; 
Cj: shear force coefficient of story j, namely ratio of the shear force in story j 
to the total weight above story j; 
wj: weight of story j; 
Kj: lateral stiffness of story j; 
hj: height of story j. 
 
According to the D value method[6] [Shibata, 2014], the story lateral stiffness, Kj, can be 
evaluated by Equation (3.19). 
 , , 2
0 ,
12
j i j C i j
i C i j
EK a k
h
     (3.19) 
where,  
ai,j: stiffness reduction factor considering shift of the inflection point for ith 
column in story j, which can be evaluated by Equation (3.20). 
Cki,j: stiffness ratio of the ith column in story j, which can be calculated by 
Equation (3.23); 
E: Young’s modulus of concrete (N/mm2); 
Ch0i,j: clear span of the ith column in story j. 
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(b) 
Fig. 3 - 10 Column Stiffness Reduction with Consideration of Wing and Sill Wall. 
 
The stiffness reduction factor, ai,j, is considered from the relative magnitude of stiffness 
between beams and columns. Column 2 with wing wall, as shown in Fig. 3 - 10, ai,j is 
calculated by Equation (3.20). k*i,j is the parameter considering the relative magnitude of 
stiffness between beams and columns, which is calculated by Equation (3.21) and 
Equation (3.22). Cki,j and Bki,j are stiffness ratio of the ith column and ith beam in story j, 
and Bki,F are stiffness ratio of the foundation beams, which is determined by Equation 
(3.24).  
 
*
2,
, *
2,2
j
i j
j
k
a
k


  (3.20) 
 1, 2, 1, 1 2, 1*2,
2,2
B j B j B j B j
j
C j
k k k k
k
k
      (3.21) 
 1,1 2,1 1, 2,*2,1
2,1
B B B F B F
C
k k k k
k
k
  
   (3.22) 
 ,,
0 ,
C i j
C i j
C i j
I
k
h
   (3.23) 
 ,,
0 ,
B i j
B i j
B i j
I
k
h
   (3.24) 
where,  
CIi,j, BIi,j: inertia moment of section of the columns and beams; 
Ch0i,j, Bh0i,j: clear span of the columns and beams; 
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(a) 
 
 
(b) 
Fig. 3 - 11 Determination of Average Column Stiffness as Initial Assumption. 
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(b) 
Fig. 3 - 12 Equivalent Section of Columns Connected with Walls. 
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With Equation (3.19), the lateral stiffness of each story have to be evaluated by 
calculating ai,j and Cki,j of the columns one by one, which is considered to be unpractical 
in the field investigation. Considering lateral stiffness of the stories are evaluated by 
summing the stiffness of all the columns, it is possible to obtain an average stiffness of 
the columns at first, and use it for evaluation of the story stiffness (Fig. 3 - 11). The 
average section and clear span of the columns are calculated at first and by which the 
average stiffness ratio of the columns in story j can be evaluated as,  
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0ave, 0 ,
ave ave 12
ave
C i j C i jC j
C j
C j C i j
b DI
k
h h

    (3.25) 
where,  
Ckave,j: average stiffness ratio of columns in story j.  
CIave,j: average inertia moment of section of the columns in story j; 
Ch0ave,j: average clear span of the columns in story j; 
Cbi,j: section width of the column i in story j; 
CDi,j: section depth of the column i in story j. 
 
When there is walls connected to the columns, approximately, the total stiffness is 
evaluated by 转换 the section including columns and walls into an equivalent rectangular 
section by Equation (3.26) and Equation (3.27), as shown in Fig. 3 - 12. 
 , , ,CWe i j C i j W i jD D D     (3.26) 
 , ,,
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CWe i j
CWe i j
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b
D

    (3.27) 
where,  
CWeDi,j: depth of the equivalent section of column i with walls in story j; 
CDi,j, WDi,j: total depth of the columns and walls;  
CWebi,j: width of the equivalent section of column i with walls in story j; 
CAi,j, WAi,j: total area of the columns and walls; 
 
Similarly the average stiffness ratio of the beams in story j can be calculated by Equation 
(3.28) for the beams higher than the 2nd floor and the by Equation (3.29) for the beams 
in 1st story. The foundation beams are assumed to be same with the beams of the 1st story. 
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where,  
Bkave,j: average stiffness ratio of beams in story j.  
BIave,j: average inertia moment of section of the columns in story j; 
Bh0ave,j: average clear span of the beams in story j and story j-1; 
Bbi,j, Bbi,j-1: section width of the beam i in story j and story j-1; 
BDi,j, BDi,j-1: section depth of the beam i in story j. and story j-1; 
Bh0i,j, Bh0i,j-1: clear span of the beam i in story j. and story j-1. 
 
By using the average stiffness ratio of columns and beams in each story (Ckave,j and Bkave,j), 
the stiffness reduction factor for the exterior and interior columns, aex,j and ain,j, can be 
calculated using Equation (3.30) ~ Equation (3.33) . 
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Then the lateral stiffness of story j can be represented by the story stiffness index, K*j, can 
be approximately evaluated by Equation (3.34), where Cnex,j and Cnin,j are number of the 
exterior and interior columns in story j, respectively. E is the Young’s modulus of concrete. 
   ave,ex, ex, in , in, 2
0ave,
C j
j C j j C j j
C j
k
K n a n a
h
      (3.34) 
According to the simplified story-shear modification factor in the reference [7] 
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(JBDPA, 2001), distribution of the shear force coefficient is given by Equation (3.35). 
Meanwhile, considering that weight of each story is the same (w), the total weight of all 
the stories above story j is given by Equation (3.36). 
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where,  
Cj: shear force coefficient of story j; 
N: total number of the stories; 
wj: weight of story j. 
 
Then according to Equation (3.18), distribution of the story drifts can be represented by 
the story drift index, d*j, which is calculated by Equation (3.37).  
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  (3.37) 
where,  
K*j: lateral stiffness of story j (mm); 
hj: height of story j (mm). 
 
Finally, the correction factor considering distribution of story drifts, βD, is 
determined from d*j as Equation (3.38). d*j evaluated by Equation (3.37) is based on the 
hypothesis that the structures are in the elastic stage. After the yielding of the members 
and after parts of the structure enters the plastic stage, the story drifts tend to concentrate 
on the parts of the structure which have already entered their plastic stage. In order to 
considering this concentration of story drifts, βD,j is defined as quadratic of the normalized 
d*j in Equation (3.38). The elements locating in the story having relatively larger story 
drift also have relatively larger βD,j for their weighting coefficients, which means their 
cyclic energy dissipation is considered as relatively larger. 
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3.3.2 Correction factors for different element failure modes, βF and βS 
As mentioned before, cyclic energy dissipation of the elements changes significantly 
according to their failure modes. Thus the influence of elements’ failure mode should be 
included in their weighting coefficients, which is considered as cyclic energy dissipation 
of the elements in the internal work based method proposed in this chapter. βF and βS are 
respectively adopted for the flexural and shear elements as the correction factors of their 
weighting coefficients in order to consider the influence of failure mode. The basic 
concept and determination of βF and βS are introduced below. 
 
(1) Concept of the correction factors considering element failure mode 
According to the pushover procedure presented in 2.3.1, the saw-tooth capacity spectra 
for the structures composed of flexural and shear elements can be obtained as shown in 
the left of Fig. 3 - 13. The capacity spectrum includes the area contributed by shear and 
flexural elements, from which it can be found that in general, the shear elements have 
poor deformation capacity. Also considering poor hysteretic energy dissipation capacity 
(damping capacity) of the shear elements, their total cyclic energy dissipation, ΣESi, 
should be much smaller than that of the flexural elements, ΣEFi.  
To be more specific, for each element, in the capacity spectrum shown in the left of Fig. 
3 - 13, as well as in real structures, they are obviously among the elements which have 
the same failure mode. Their strength, deformation and damping capacity still 
demonstrate, to some extent, discreteness, which leads to the difference in their cyclic 
energy dissipation. However, in the internal work based method, if we consider cyclic 
energy dissipation of each element one by one, thus to evaluate its weighting coefficients, 
this whole process will be over complicated. For this reason, in this research, the target 
structures are approximated to the SDOF system shown in the right of Fig. 3 - 13, which 
have only one shear spring and one flexural spring. The shear and flexural spring having 
the strength, deformation and damping capacity that can approximately reflect the overall 
corresponding performances of the shear and flexural elements of the original structures.  
Based on the similar SDOF system, we can use the cyclic energy dissipated by the 
shear and flexural spring, ES and EF, to reflect the proportion of cyclic energy dissipation 
of the structure’s shear and flexural elements in general, and determine the correction 
factors for shear and flexural failure mode, βS and βF, based on that.  
 
CHAPTER 3 Structural Internal Work Based Method 
3-22 
 
 
Fig. 3 - 13 Simplified Approximation of Building Response Through Equivalent 
SDOF Model. 
 
Proportion of the cyclic energy dissipated by the shear and flexural spring is 
evaluated based on their corresponding area in the similar capacity spectrum. As shown 
in Fig. 3 - 14, the equivalent viscous damping ratio at the ultimate point of shear and 
flexural area, hS and hF, can be considered as ratio of the cyclic energy dissipated by the 
springs, ES and EF, to the corresponding strain energy, WeS and WeF, as shown in Equation 
(3.39) and Equation (3.40). WeS and WeF is products of strength and deformation of the 
shear and flexural springs. Their strength can be obtained by multiplying ΔSa of their 
corresponding area in the similar capacity spectrum by the effective mass M* of the 
structure. Deformation of the springs can be considered as ΔSd of their corresponding area. 
Then their cyclic energy dissipation, ES and EF, can be evaluated by Equation (3.41) and 
Equation (3.42). Take ES : EF as estimation of the proportion of total cyclic energy 
dissipated by the shear and flexural elements, ΣESi : ΣEFi, hence the proportion can be 
evaluated based on the similar capacity spectrum as shown in Equation (3.43). 
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Fig. 3 - 14 Estimation of Energy Dissipation Capacity via Capacity Spectra for 
Shear and Flexural Elements. 
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In the next, ΔSa, ΔSd and h of the shear elements’ area and the flexural elements’ area 
are estimated based on strength, deformation and damping capacity of the shear and 
flexural elements. As shown in (2) of this sub-section, finally, ΔSa is considered by total 
strength of the shear and flexural elements. About ΔSd and h of the shear and flexural area, 
considering deformation and damping capacity of the shear and flexural elements, these 
two factors are considered by the correction factor for element failure mode, βS and βF. 
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(2) Determination of the correction factors according to dominant failure mode 
Capacity spectrum of the structures composed of flexural and shear elements is 
approximated by the similar capacity spectrum as shown in Fig. 3 - 13 and Fig. 3 - 14. 
The ΔSaF of the flexural elements’ area and ΔSaS of the shear elements’ area reflect 
strength of the flexural and shear elements in the structure in general. Based on the 
idealized collapse mechanism of structures shown in Fig. 3 - 15, supposing the micro 
turning point Δθ of story drift distributes evenly in each floor, according to the 
geometrical relationship, as well as the equality between the external work done by the 
seismic force BjP on the story displacement HjΔθ, and the internal work done by the 
elements’ moment, Mi,j, and shear force, Qi,j, on the corresponding rotation and shear 
deformation, the relationship shown in Equation (3.44) can be obtained.  
   , , .
, ,
j j i j i j i j
j i j i j
B P H M Q h                (3.44) 
where,  
Bj: distribution coefficient of seismic force at story j; 
P: scale factor of seismic force; 
Hj: heigh from ground to story j; 
hi,j: height of the story where the shear column locates, and it can also be 
distance between neutral axis in the section of the vertical elements in the 
case of shear beam 
 
Therefore, the scale factor of seismic force, P, can be written as 
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The base shear, QB, then can be calculated as 
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Spectral acceleration of the equivalent SDOF system, Sa, is calculated by dividing the 
base shear, QB, by the effective mass of structure, M*, as shown in Equation (3.47). 
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It can be seen that ΔSaF and ΔSaS corresponding to the flexural and shear elements 与
their total strength 成比例, that is, 
 , , .
, ,
: :aF aS i j i j i j
i j i j
S S M Q h       (3.48) 
All the above-illustrated calculations are based on the assumption that the story drifts are 
evenly distributed on each floor. As mentioned in 3.3.1, when considering the influence 
of clear span and distribution of story drifts on the deformation of the elements, we should 
take into consideration the correction factors considering element clear span and 
distribution of story drifts, βL and βD, in Equation (3.44). The result is as follow: 
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, ,
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Then the proportion between ΔSaF and ΔSaS changes to be 
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Fig. 3 - 15 Idealized Collapse Mechanism of Structure.  
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their strength all reaches half of the ultimate bending moment, Mui,j. At this time, if we 
temporarily neglect the influence of various element deformation, which is considered by 
the correction factor βL and βD in Equation (3.50), then 
 , , .
, ,
: =0.5 :aF aS ui j ui j i j
i j i j
S S M Q h       
About the ΔSdF of the flexural area and ΔSdS of the shear area, at the safety limit of 
the shear dominant structures shown in Fig. 3 - 16, ΔSdF and ΔSdS are equal, which means 
in the similar SDOF system shown in Fig. 3 - 13, the flexural and shear spring have same 
deformation at the safety limit. 
With regard to hF and hS at ultimate point of the flexural and shear area, considering 
that shear elements generally are featured by poor damping capacity, equivalent viscous 
damping ratio, hSi, of all the shear elements are approximately considered to be 0.05, 
which means only the inherent damping ratio, h0, is included, and the damping related to 
hysteretic energy dissipation of the shear elements is ignored. Then as the equivalent 
viscous damping ratio of structures is evaluated as weighted average of the elements’ 
equivalent viscous damping ratio, as shown in 2.2.2, hS equals to 0.05. For the flexural 
elements, as their deformations at this moment are considered to be smaller than their 
yielding deformation, all of the flexural elements are assumed to be in the elastic stage. 
Therefore, their equivalent damping ratio, hFi, are all considered to be the 0.05, which is 
the inherent damping ratio. Then hF also equals to 0.05. 
  
 
Fig. 3 - 16 Determination of Safety Limit in Shear Dominated Structures. 
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In the case of shear dominant structures, bases on the relationship of ΔSa, ΔSd and h 
between the flexural and shear area, that is the relationship of strength, deformation and 
damping capacity between the flexural and shear spring of the similar SDOF system, 
according to (3.43), the cyclic energy dissipated by the shear and flexural spring, ES and 
EF, demonstrate the following ratio to one another: 
 , , ,: : 0.5 :S F aS dS S aF dF F ui j ui j i jE E S S h S S h M Q h            (3.51) 
where,  
Mui,j: distribution coefficient of seismic force at story j; 
Qui,j: scale factor of seismic force; 
hi,j: height of the story j where the shear column i locates, or distance between 
neutral axis in the section of the vertical elements connected by the ith shear 
beam in story j. 
 
 
Fig. 3 - 17 Determination of Safety Limit in Flexure Dominated Structures. 
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ultimate bending moment, Mui,j. We approximately suppose all the shear elements reach 
Qui,j at the ultimate point of shear area and all the flexural elements reach Mui,j at the 
ultimate point of flexural area. Likewise, we temporarily neglect the influence of various 
element deformation, then,  
 , , .
, ,
: = :aF aS ui j ui j i j
i j i j
S S M Q h      
For the ΔSdF and ΔSdS, at the safety limit of the flexural dominant structures shown 
in Fig. 3 - 17, obviously ΔSdS is smaller than ΔSdF because of poor deformation capacity 
of the shear elements compared with the flexural elements. In the similar SDOF system 
shown in Fig. 3 - 13, the flexural spring generate larger deformation than the shear one, 
which has already failed, at the safety limit. The ratio of ΔSdS to ΔSdF, is defined as γd and 
can be estimated by the simplified method presented in 3.4.2. 
About the hF and hS, considering the poor damping capacity of the shear elements, 
their hSi are considered again to be 0.05, hence hS equals 0.05, as the weighted average of 
hSi. For the flexural elements, according to the test data shown in the reference [7] (JBDPA, 
2001) and [8], their ultimate drift angle are generally larger than 1/50. At the same time, 
yielding drift angle of the flexural elements is considered to be around 1/150, which 
means the ultimate plasticity coefficient of flexural elements, μFi, should be larger than 3. 
According to Equation (3.5), when the damping parameter, βh, is considered to be 0.25 
for the flexural elements, equivalent viscous damping ratio of the flexural elements, hFi, 
should be larger than 0.15. As shown in Fig. 3 - 18. Even if we take into account the 
variation of μFi in the range of 2 ~ 5, 0.15 is also close to the average equivalent viscous 
damping ratio. For this reason, hF at the ultimate point of flexural area is assumed to be 
0.15.  
 
 
Fig. 3 - 18 Limit on Equivalent Viscous Damping Ratio for Flexural Elements with 
of βh 0.25.  
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In the case of flexural dominant structures, bases on the relationship of ΔSa, ΔSd and 
h between the flexural and shear area, according to (3.43), the cyclic energy dissipated 
by the shear and flexural spring of the similar SDOF system, ES and EF, show the 
following ratio: 
 , , ,: : : 0.33S F aS dS S aF dF F ui j d ui j i jE E S S h S S h M Q h             (3.52) 
As shown in Fig. 3 - 14, proportion of ES and EF is evaluated based on the similar 
capacity spectrum, and estimated by total strength of the shear and flexural elements, 
together with the correction factors considering deformation and damping capacity of the 
elements, βS and βF. According to Equation (3.51) and Equation (3.52), values of βS and 
βF corresponding to flexural and shear dominant structures are shown in Equation (3.53) 
and Equation (3.54). Where dominant failure mode the structures is judged by the 
judgement index, Md. The structures are judged to be dominated by flexural or shear 
failure mode according to Md is smaller or bigger than 1. 
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3.4 Simplified method for judgement of dominant failure mode 
Values of the correction factor βS and βF are determined by dominant failure mode of the 
structures which are judged according to the judgement index Md. Md is defined as ratio 
of αS and αF in 2.3.3, where αS and αF are the Seismic Capacity Indicator (SCI) at the 
shear element ultimate point and flexural element ultimate point on the capacity spectra. 
Therefore, pushover analysis is needed to determine the value of Md from αS and αF. 
However, the internal work based method in this thesis is proposed as a simplified method 
for residual seismic capacity evaluation without need of pushover of other numerical 
analysis. So to determine the values of βS and βF in the internal work based method, Md 
has to be evaluated by simplified method without pushover analysis. The simplified 
method for estimating the judgement index of structural dominant failure mode, Md, is 
introduced in this section. 
 
3.4.1 Estimation equation of judgement index based on assumptions 
The judgement index is defined as the ratio of SCI, which is evaluated based on capacity 
spectrum of structures and response spectrum of earthquakes. At first the target structure 
of the simplified method is considered to be low- to middle-rise RC structures composed 
of flexural and shear elements. Their capacity spectra can be represented by the similar 
capacity spectrum with flexural and shear area shown in Fig. 3 - 19 . Meanwhile the 
response spectrum of earthquakes is considered by the design response spectrum. When 
the shear elements in the structures reach their ultimate deformation, generally the 
structural deformation is relatively small. The ultimate point of the shear area in the 
similar capacity spectrum shown in Fig. 3 - 19 has smaller Sd and its equivalent period, 
TS, is assumed to be within the region of constant acceleration in the design response 
spectrum. On the other hand, the flexural elements generally have better deformation 
capacity, and it requires quite large structural deformation for the flexural elements shear 
their ultimate state. Therefore, the ultimate point of the flexural area in the similar 
capacity spectrum of Fig. 3 - 19 has larger Sd and longer equivalent period, TF, which is 
assumed to be within the region of constant velocity in the design response spectrum.  
The spectral acceleration on the design response spectrum, Sae, can be expressed by 
Equation (3.55). 
  
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where,  
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T: equivalent period of a certain point on capacity spectrum; 
Sa0: spectra acceleration of constant acceleration region; 
Sv0: spectral velocity of constant velocity region; 
TC: corner period dividing constant acceleration region and constant velocity 
region. 
 
The equivalent period, T, can be calculated by spectral acceleration and displacement, Sa 
and Sd, of a certain points on the capacity spectrum as shown in Equation (3.56). 
 2 d
a
ST
S
   (3.56) 
 
 
Fig. 3 - 19 Assumptions about capacity spectra and response spectra 
 
Based on definition, SCI at the ultimate point of shear and flexural area in Fig. 3 - 19, αS 
and αF, can be written as Equation (3.57) and Equation (3.58). 
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where,  
SaS, SaF: spectral acceleration at ultimate point of shear and flexural area; 
SdS, SdF: spectral displacement at ultimate point of shear and flexural area; 
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TS, TF: equivalent period at ultimate point of shear and flexural area; 
FhS, FhF: response reduction factor at ultimate point of shear and flexural area. 
 
Then as shown in Equation (3.59), the judgement index, Md, which is the ratio of αS to 
αF, can be expressed using the strength ratio of the ultimate point of the shear area to the 
ultimate point of the flexural area, γa, displacement ratio, γd, and period-damping ratio, γS. 
These ratios are defined by Equation (3.60) to Equation (3.62). 
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3.4.2 Estimation of γa, γd, and γh 
In order to obtain the value of Md without pushover analysis, the three ratios in Equation 
(3.59) is approximately estimated separately based on strength and clear span of the 
elements, as well as height of the stories and structures, based on series of assumptions.  
 
(1) Estimation of strength ratio, γa 
According to Equation (3.47), at the ultimate point of shear area in the similar capacity 
spectra, assuming that all the shear elements reach their ultimate shear force, Qui,j, and the 
flexural elements are at the deformation at which strength of the elements reaches the half 
of that at the ultimate bending moment, Mui,j, then spectral acceleration at the ultimate 
point of shear area in Fig. 3 - 19, SaS, can be expressed as Equation (3.63). At the ultimate 
point of flexural area, all of the flexural elements are assumed to be yielded and reached 
their ultimate bending moment, Mui,j. Meanwhile, degraded strength of the shear elements 
after they reached their ultimate deformations are ignored, then spectral displacement at 
the ultimate point of flexural area, SaF, can be expressed as Equation (3.64). 
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where,  
hi,j: height of the story j where the shear column i locates, or distance between 
neutral axis in the section of the vertical elements connected by the ith shear 
beam in story j; 
Bj: distribution factor of seismic force at story j; 
M*: equivalent mass of equivalent SDOF system; 
Hj: height from ground to story j. 
 
Then the strength ratio, γa, defined by Equation (3.60), can be approximately estimated 
by Equation .(3.65). 
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(2) Estimation of displacement ratio, γd 
The displacement ratio, γd, is considered based on the idealized collapse mechanism 
shown in Fig. 3 - 20, in which the story drifts distribute evenly on each floor where 
collapse mechanism has already been formed. Spectral displacement of the equivalent 
SDOF system can by calculated by multiplying the story drift, θ, by the equivalent height, 
He, and θ has the relationship with the elements’ deformation as shown in Equation (3.66).  
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  (3.66) 
where,  
θyi,j: yielding rotation angle of ith element in story j; 
μi,j: plasticity coefficient of ith element in story j; 
h0i,j: clear span of ith element in story j; 
 
According to the reference [7] (JBDPA, 2001), θyi,j of the flexural and shear elements are 
respectively assumed to be 1/150 and 1/250, which are taken as the standard yielding 
rotation angles. The shear elements and flexural elements respectively reach their ultimate 
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deformation at the ultimate point of shear and flexural area in Fig. 3 - 19. Their ultimate 
rotation angles are considered as products of their yielding rotation angles and ultimate 
plasticity coefficients. The ultimate plasticity coefficient of shear elements are set to 2, 
considering the fact that after yielding, the shear elements usually will experience more 
deformation before they reach their ultimate state. The ultimate plasticity coefficient of 
flexural elements are set to 3. The reason for this, as the same reason explained in 3.3.2, 
is two-fold. For one thing, results of the tests on flexural elements show that the ultimate 
rotation of flexural elements basically are over 1/50[7],[8] ((JBDPA, 2001) and (AIJ, 1999)). 
For the other, we set the yielding rotation angle of flexural elements to the standard value, 
1/150. Then, 3 is an evaluation, a little bit on the conservative side, of the ultimate 
plasticity coefficients of flexural elements.  
 
Fig. 3 - 20 Idealized Collapse Mechanism with Evenly Distributed Story Drift Over 
Floors. 
 
Meanwhile, for the ratio of h0i,j to hi,j, obviously different element have different 
values. Consider respectively the minimum value of h0i,j / hi,j in the shear and flexural 
elements. Moreover, the equivalent height of the structures, He, at the ultimate point of 
shear and flexural area can be calculated by Equation (3.67).  
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where,  
mj: mass of story j; 
δj: displacement at story j; 
 
For the simplified method without pushover analysis proposed in this section, He is 
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approximated by Equation(3.68). In this equation, the weight of each story is 
approximated to be equal to m; the drift of the stories within the collapse mechanism 
equals to θ. The He is normalized by hθ, where h is the hypothetic story height of each 
floor. In Equation (3.68), the total number of stories is N, and the collapse mechanism 
begin from story p until story q. For example for the structure shown in Fig. 3 - 20, the p 
and q is 1 and 2. Then the displacement ratio, γd, can be approximately estimated by 
Equation (3.69), based on the analysis above. At the ultimate point of shear and flexural 
area, the equivalent height, HeS and HeF, have different values because of change in 
distribution of story displacement. At the ultimate point of shear area, generally the 
flexural elements are considered to be before the yielding limit and the structures are close 
to the elastic state as a whole, which means distribution of the story displacements is close 
to a linear distribution. Therefore, for calculation of HeS, the global collapse mechanism 
should be considered and value of the p and q are considered as 1 and N, respectively. On 
the other hand, at the ultimate point of flexural area, the flexural elements have already 
yielded and collapse mechanism of the structures has formed. At that time, calculation of 
HeF should be based on the actual collapse mechanism, such as a story collapse 
mechanism, a global collapse mechanism or a partial collapse mechanism. 
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(3) Estimation of period-damping ratio, γS 
For the period-damping ratio, γS, as shown in Fig. 3 - 21, we use the equivalent period, 
TyS, of the yielding point of the shear area to approximate the equivalent period at ultimate 
point of the shear area, TS, in Fig. 3 - 19. The capacity spectrum before the ultimate point 
of shear area is approximately considered to be the trilinear model, in which the periods 
and stiffness have following relationship. 
 0
0
yS
yS
T K
T K
   (3.70) 
where,  
TyS: equivalent period at the yielding point of the shear area; 
T0: initial period in elastic stage; 
KyS: Secant stiffness at the yielding point of the shear area; 
K0: initial stiffness in elastic stage; 
 
Since between the yielding point and the ultimate point of shear area, deformation 
exists. Therefore, TS at the ultimate point is longer than TyS. Considering poor deformation 
capacity of the shear elements, TyS is possible to be utilized as a slightly conservative 
approximation of TS, and has the relationship with initial period, T0, as shown in Equation 
(3.71).   
 00S yS
yS
KT T T
K
     (3.71) 
The ratio of K0 to KyS, in this research, is approximately considered to be the reciprocal 
of the reduction ratio of yielding stiffness. Moreover, according to the test data of 
elements, the range of the reduction ratio of yielding stiffness is 0.1 ~ 0.5[AIJ, ]. Here, 
for safety’s sake, we use its biggest value, 0.5, thus making TS relatively small while γS 
and Md relatively large. At the meantime, adopting the method for estimation of initial 
period in Japanese design code, we use 0.02 times H to evaluate T0. Finally, TS can be 
estimated by Equation (3.72). 
 0
1 0.02 1.4 0.028
0.5S
T T H H       (3.72) 
With regard to the response reduction factor of the flexural and shear area, FhF and FhS, 
as the shear elements have poor damping capacity, its FhS is close to 1 as shown in Fig. 3 
- 22. The FhS is determined by using the equivalent viscous damping ratio calculated by 
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Equation (3.5), in which the damping parameter, βh, is considered as 0.05. On the other 
hand, FhF reduces significantly with increase of μ, because of relatively better damping 
capacity of the flexural elements. FhF is evaluated in the same way with FhS. It can be 
found from Fig. 3 - 22 that, if the ultimate plasticity of flexural elements are considered 
to be longer than 3, 0.6 is the upper limit of FhF. Moreover, if the ultimate plasticity 
coefficient of flexural elements are considered to be 2 ~ 5, 0.6 is close to the average of 
FhF. 
Based on the roughly corresponding relationship of period and damping between the 
shear and flexural area in the similar capacity spectrum, the period-damping ratio, γS, can 
be simply estimated by Equation (3.73), with structural height, H, and the corner period, 
TC, of the designed response spectrum considered in the evaluation. 
 
21.40.6
1 0.028
hF C C C
h
hS S
F T T T
F T H H
       (3.73) 
 
 
Fig. 3 - 21 Approximation of Ultimate Shear area Period Based on Yielding Period. 
 
 
Fig. 3 - 22 Determination of Response Reduction Factors Based on Ultimate 
Plasticity Coefficient. 
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3.5 Summary of internal work based evaluation method 
Considering the deteriorating of a structure’s energy consuming ability due to 
earthquake, Chapter 3 proposes the field-investigation-oriented internal-work-based 
evaluation method which can bypass numerical analysis. Its evaluating process is shown 
in Fig. 3 - 23. Through collecting design date of intact structure, information like material 
strength and reinforcement detail can be gained. According to this, the ultimate bending 
moment, Mui, j and shear force, Qui, j. can be gained. Meanwhile, sizes of elements and 
structure can be gained from design data, through which we can acquire correction factors 
for various deformation drift of elements, βLi, j and βDj。 
 
 
Fig. 3 - 23 Field-investigation-oriented evaluation method for calculating R 
 
However, when conducting post-earthquake field investigation while evaluating the 
residual seismic capacity of a structure, condition under which data collection may not be 
possible may occur. Under this condition, we can conduct post-earthquake field 
investigation on damaged structure to acquire sizes of elements and structure, and, at the 
same time, estimate and postulate the Mui, j and Qui, j of each element. For example, the 
current damage evaluation standard [2] provide us with estimates of the ratio between 
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different elements’ different strength. 
Meanwhile, damage class and failure mode of the elements, should also be 
determined in field investigation. The type of structural collapse mechanism should also 
by clarified. By using information gained in the field research, we can bypass numerical 
analysis while acquiring correction factors for various deformation drift of elements, βLi, 
j and βDj, the factors for judgement of dominant failure mode, γa, γd, and γS, and seismic 
capacity reduction factors of each damaged shear and flexural element, ηWSi, j and ηWFi, j 
through estimating. Using γa, γd, and γS, judgment index Md of the dominant failure mode 
can be estimated. Besides, the dominant failure mode of the target structure—be it flexure 
of shear--can also be determined. We can also determine correction factors for shear and 
flexure dominant failure mode, βS and βF using structural dominant failure mode. After 
we get the ultimate strength, correction factors and seismic capacity reduction factor of 
each element, the residual seismic capacity ratio, R, of each element can be calculated by 
Equation(3.75). 
 d S a dM        (3.74) 
where,  
Md: judgement index of dominant failure mode 
γa: strength ratio; 
γd: displacement ratio; 
γS: period-damping ratio. 
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  (3.75) 
where,  
R: residual seismic capacity ratio 
Mui, j: ultimate bending moment of ith flexural element in story j 
Qui, j: ultimate shear force of ith shear element in story j 
ηWFi, j: seismic capacity reduction factor of ith flexural element in story j 
ηWSi, j: seismic capacity reduction factor of ith shear element in story j 
βLi, j: correction factor considering clear span of ith element in story j 
βDj: correction factor considering story drift distribution of story j 
βF: correction factor for flexural elements 
βS: correction factor for shear elements 
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3.6 Verification of the correction factors for element deformation 
In this section, effectiveness of the correction factors introduced in 3.3.1, in order to 
consider the influence of various deformation of elements on the residual seismic capacity 
ratio, R, of structures (βL and βD), is verified. A series of frame models having various 
distribution of story drifts and different element spans are set, and the proposed response 
spectrum based method, the proposed internal work based method, as well as the current 
standard method are applied to evaluate their R in different damage states. Results of the 
response spectrum based method are considered as the reference values by which 
comparison is carried out between estimation accuracy of the internal work based method 
and the current standard method, which are proposed as simplified evaluation method 
without need of pushover analysis. Their difference in evaluation accuracy is investigated 
from the elements’ weighting coefficient considered in each of the methods. Through the 
verification, it is concluded that through considering the elements’ weighting coefficient, 
that is their energy dissipation, more appropriately by introducing the correction factors 
for various element deformations, the internal work based method can give a more 
accurate estimation of R for low- and middle-rise frame buildings. 
 
3.6.1 Setting of frame models 
As shown in Fig. 3 - 24, frames with 2 spans and 6, 9 and 12 stories are set and by 
adjusting distribution of the elements’ strength, various distribution of story drifts is 
considered. In some of the frames, wing walls are set to add difference to the clear span 
of the beams. Span between the columns are all set to be 6m and 3.5m is set as a uniform 
story height. The beams and columns are all supposed to have flexural failure mode and 
simulated by the rod elements with nonlinear flexural springs, and linear springs for shear 
and axial deformation. The joint area is considered as rigid zone with sizes shown in Fig. 
3 - 24, where CD and BD are respectively depth of the column and beam. The restriction 
of the deformation, caused by the wing wall, is also considered by the rigid zone, of which 
the length is determined by length of the walls as well as depth of the beams. 
All the frames are designed based on the assumption of global collapse mechanism. 
Fig. 3 - 25 shows a concept of the design flow, The seismic forces act at each story are 
considered by the Ai distribution[9] (AIJ, 2016), which is the distribution factor for story 
shear forces and shown in Equation (3.76). 
 1
1
211
1 3i jj
TA a
Ta
 
    
   
  (3.76) 
where,  
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aj: ratio of weight of the stories above story j to the total weight of structure ; 
T1: first mode period of structure (s). 
 
The story weight is estimated by setting the weight of every unit’s floor area to be 
12kN/m2. Area distributed to each floor in the frames is set to be 12m×6m. The first mode 
period, T1, is estimated by setting its value to be 0.02 times the height of the building (H). 
Then the seismic force act at each story can be calculated as  
  1 10.3j j j j j j
j
B P w A a A a       , (3.77) 
where,  
Bj: distribution factor of seismic force; 
P: scale factor of seismic force; 
wj: weight of story j (kN). 
 
Here, the shear force at basement of the frames are uniformly set to be 30% of the 
structural total weight. 
 
 
Fig. 3 - 24 Element Strength Distribution at Joints for 2 Span 6, 9 and 12 Story 
Frames. 
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At the meantime, the structure is divided into three parts, each parts contains 1/3 of 
the total floor numbers. Strength of the columns and beams (i.e. their ultimate bending 
moment) are set to be the same in each of the three parts, which are represented by Mui, 
upper, Mui, middle and Mui, lower in Fig. 3 - 25. Mui, upper, Mui, middle and Mui, lower are proportional 
to the shear forces of the bottom parts of the three structures QB, QH/3 and Q2H/3. 
Meanwhile, strength of the columns are set to be 1.5 times larger than the beams. The 
shear forces are determined based on the Ai distribution and the distribution of story 
weight, which is considered to be evenly distributed, can be determined as, 
 0.3j j j j
j
Q A a w   . (3.78) 
Rotation angle of all of the elements are assumed to be the same θ, and then Equation  
can be obtained based on the equality between the external work done by the seismic 
force and the internal work done by the elements’ mending moment.  
 ,lower ,middle ,upperj j ui ui ui
j i i i
B P H M M M                 (3.79) 
The proportional relationship among Mui, upper, Mui, middle and Mui, lower and the strength ratio 
of columns to beams are already known, based on which the ultimate bending moment of 
each elements can be determined. Then their sections are determined based on the 
ultimate bending moment, by setting the proportional relationship between section width 
and depth as shown in Fig. 3 - 25 and by controlling the area ratio of tensile longitude 
reinforcement to be about 1.0% for the beams and 0.6 ~ 0.8% for the columns, according 
to the formulas for ultimate strength given in the Appendix III. 
 
 
Fig. 3 - 25 Section Width and Depth Determination for Upper, Middle and Lower 
Level Sections. 
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The frames designed by setting strength of the elements to be proportional to the story 
shear force caused by the seismic force are expected to have relatively even distribution 
of story drifts. By change the proportional relationship of the elements’ strength as shown 
in Table 3 - 2, various frames with different distribution of story drifts are designed. The 
different strength distributions are represented by different symbols included in name of 
the frames. U means the strength distribution of elements is uniform along height of the 
frames. A means the strength distribution is determined by the seismic story shear force 
at the bottoms of the frames’ three parts. H1 means elements’ strengths in the middle and 
upper stories are higher than A, and their strengths are even higher in H2 of which the 
strength distribution is closer to the U frames. L means the elements in middle and upper 
stories have lower strengths than A. The proportions of elements’ strengths in each story 
of the 6, 9 and 12 story frames are shown in Fig. 3 - 26 which changes between about 0.4 
to 1.0. The first number in the frames’ names means the story number. 
 
Table 3 - 2 Different strength distribution 
Symbol for strength distribution ,lower ,middle ,upper: :u u uM M M  
U 1:1:1  
A 3 2 3: :B H HQ Q Q  
H1    3 2 3: 0.25 0.75 : 0.25 0.75B B H B HQ Q Q Q Q   
H2    3 2 3: 0.5 0.5 : 0.5 0.5B B H B HQ Q Q Q Q   
L    3 2 3: 1.25 0.25 : 1.25 0.25B H B H BQ Q Q Q Q   
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Fig. 3 - 26 Normalized Strength of Sections in 6, 9 and 12 Story Models. 
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frame models and at each analytical step, damage class of each of the elements are 
determined by their plasticity coefficients. For each frame, four damage states are defined 
by damage class of the elements as Table 3 - 4. At the analytical step corresponding to 
each of the damage states, residual seismic capacity ratio, R, of the frames are evaluated. 
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Fig. 3 - 27 Trilinear Model for Bending Moment-Rotation Relationship of 
Elements. 
 
Table 3 - 3 Definition of four damage states 
Damage state Definition 
D1 The step before one element enters damage class II 
D2 The step before one element enters damage class III 
D3 The step before one element enters damage class IV 
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Table 3 - 4 Information of 6 story frames without wing wall 
Frame model Strength distribution Beam /Column 
Story 1 ~ 2 Story 3 ~ 4 Story 5 ~ 6 
Mu (kN) D × b (mm) pt (%) Mu (kN) D × b (mm) pt (%) Mu (kN) D × b (mm) pt (%) 
6U 1:1:1 
Beam 975 800×480 1.0 975 800×480 1.0 975 800×480 1.0 
Column 1463 800×800 0.6 1463 800×800 0.6 1463 800×800 0.6 
6H2 1:0.90:0.75 
Beam 975 800×480 1.0 878 780×470 1.0 732 750×450 0.9 
Column 1463 800×800 0.6 1317 780×780 0.7 1097 750×750 0.7 
6H1 1:0.85:0.63 
Beam 975 800×480 1.0 829 770×460 1.0 614 730×440 0.8 
Column 1463 800×800 0.6 1244 770×770 0.7 922 730×730 0.6 
6A 1:0.80:0.50 
Beam 975 800×480 1.0 780 750×450 1.0 488 650×390 0.9 
Column 1463 800×800 0.6 1170 750×750 0.7 732 650×650 0.7 
6L 1:0.76:0.38 
Beam 975 800×480 1.0 741 730×440 1.0 370 600×360 0.9 
Column 1463 800×800 0.6 1112 730×730 0.7 556 600×600 0.6 
 
Table 3 - 5 Information of 6 story frames with wing walls 
Frame model Strength distribution 
Story 1 ~ 2 Story 3 ~ 4 Story 5 ~ 6 
CWMu (kN) WD × t (mm) Bh (mm) CWMu (kN) WD × t (mm) Bh (mm) CWMu (kN) D × b (mm) Bh (mm) 
6UW1 1:1:1 3558 800×200 3600 3442 800×200 3600 3341 800×200 3600 
6UW1.5 1:1:1 4720 1200×200 2800 4521 1200×200 2800 4345 1200×200 2800 
6AW1 1:0.80:0.50 3558 800×200 3600 2793 750×200 3700 1715 650×200 3900 
6AW1.5 1:0.80:0.50 4720 1200×200 2800 3678 1125×200 2950 2240 975×200 3250 
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Table 3 - 6 Information of 9 story frames without wing wall 
Frame model Strength distribution Beam /Column 
Story 1 ~ 2 Story 3 ~ 4 Story 5 ~ 6 
Mu (kN) D × b (mm) pt (%) Mu (kN) D × b (mm) pt (%) Mu (kN) D × b (mm) pt (%) 
9U 1:1:1 
Beam 1526 920×550 1.0 1526 920×550 1.0 1526 920×550 1.0 
Column 2289 920×920 0.6 2289 920×920 0.7 2289 920×920 0.8 
9H2 1:0.91:0.77 
Beam 1526 920×550 1.0 1389 900×540 1.0 1175 850×510 1.0 
Column 2289 920×920 0.6 2083 900×900 0.7 1763 850×850 0.8 
9H1 1:0.87:0.65 
Beam 1526 920×550 1.0 1328 880×530 1.0 992 800×480 1.0 
Column 2289 920×920 0.6 1991 880×880 0.7 1848 800×800 0.6 
9A 1:0.83:0.54 
Beam 1526 920×550 1.0 1267 870×520 1.0 824 750×450 1.0 
Column 2289 920×920 0.6 1900 870×870 0.7 1236 750×750 0.8 
9L 1:0.79:0.42 
Beam 1526 920×550 1.0 1206 860×520 1.0 641 690×410 1.0 
Column 2289 920×920 0.6 1808 860×860 0.7 961 690×690 0.7 
 
Table 3 - 7 Information of 9 story frames with wing walls 
Frame model Strength distribution 
Story 1 ~ 2 Story 3 ~ 4 Story 5 ~ 6 
CWMu (kN) WD × t (mm) Bh (mm) CWMu (kN) WD × t (mm) Bh (mm) CWMu (kN) D × b (mm) Bh (mm) 
9UW1 1:1:1 5603 920×200 3240 5396 920×200 3240 5220 920×200 3240 
9UW1.5 1:1:1 7461 1380×200 2320 7109 1380×200 2320 6801 1380×200 2320 
9AW1 1:0.83:0.54 5603 920×200 3240 4535 870×200 3340 2876 750×200 3580 
9AW1.5 1:0.83:0.54 7461 1380×200 2320 5989 1305×200 2470 3767 1125×200 2830 
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Table 3 - 8 Information of 12 story frames without wing wall 
Frame model Strength distribution Beam /Column 
Story 1 ~ 2 Story 3 ~ 4 Story 5 ~ 6 
Mu (kN) D × b (mm) pt (%) Mu (kN) D × b (mm) pt (%) Mu (kN) D × b (mm) pt (%) 
12U 1:1:1 
Beam 2083 1000×600 1.1 2083 1000×600 1.1 2083 1000×600 1.1 
Column 3124 1000×1000 0.6 3124 1000×1000 0.7 3124 1000×1000 0.9 
12H2 1:0.92:0.78 
Beam 2083 1000×600 1.1 1916 1000×600 1.0 1625 950×570 1.0 
Column 3124 1000×1000 0.6 2874 1000×1000 0.7 2437 950×950 0.8 
12H1 1:0.88:0.67 
Beam 2083 1000×600 1.1 1833 980×590 1.0 1395 900×540 1.0 
Column 3124 1000×1000 0.6 2749 980×980 0.7 2093 900×900 0.8 
12A 1:0.84:0.56 
Beam 2083 1000×600 1.1 1745 960×580 1.0 1166 850×510 1.0 
Column 3124 1000×1000 0.6 2624 960×960 0.7 1750 850×850 0.7 
12L 1:0.81:0.44 
Beam 2083 1000×600 1.1 1666 950×570 1.0 916 780×470 1.0 
Column 3124 1000×1000 0.6 2499 950×950 0.7 1375 780×780 0.7 
 
Table 3 - 9 Information of 12 story frames with wing walls 
Frame model Strength distribution 
Story 1 ~ 2 Story 3 ~ 4 Story 5 ~ 6 
CWMu (kN) WD × t (mm) Bh (mm) CWMu (kN) WD × t (mm) Bh (mm) CWMu (kN) D × b (mm) Bh (mm) 
12UW1 1:1:1 7656 1000×200 3000 7352 1000×200 3000 7095 1000×200 3000 
12UW1.5 1:1:1 10236 1500×200 2000 9715 1500×200 2000 9264 1500×200 2000 
12AW1 1:0.84:0.56 7656 1000×200 3000 6275 960×200 3080 4084 850×200 3300 
12AW1.5 1:0.84:0.56 10236 1500×200 2000 8308 1440×200 2120 5353 1275×200 2450 
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3.6.2 Evaluation of residual seismic capacity ratio 
The frame 9A is taken as an example to illustrate the evaluation of R by different methods. 
Distribution of damage class of the elements in each of the four damage states is shown 
in Fig. 3 - 28 (a). In the damage state D1, damage class distribute uniformly in the frame 
and most of the elements are in damage class I. In the damage state D2, most of the beams 
enter damage class II which means exceeding of the yielding limit, and consequently a 
global collapse mechanism forms. In the damage state D3, damage concentrates in the 
beams and the columns in 1st story, which is considered as a typical distribution for global 
collapse mechanism. The columns in 2nd story and above still remain in damage class I. 
In the damage state D4, the beams in 1 ~ 6 stories as well as the columns in 1st story 
entered damage class IV, and the frame is considered to be close to the safety limit. The 
damage distribution is quite uniform along the height, except the stories on the upper end 
of the building, in which damage class of the beams still remain in damage I or II. This is 
because distribution of the elements’ strength in frame 9A is proportional to the seismic 
story shear force, by which distribution of the story drifts is relatively uniform along the 
height and deformation of the beams in each story are close to each other. 
As presented in 2.2.1, model of the damaged elements are set by reducing ultimate 
strength and deformation capacity of the intact elements’ models. By using the damaged 
elements’ models the model of frame in each damaged state are built. Capacity spectrum 
for the frame in its intact and each damaged states are shown in Fig. 3 - 28 (b). In the 
damage state D1, all of the elements remain in damage class I, and according to Table 3 
- 1, deterioration in strength and deformation capacity are not considered in the elements, 
hence reduction in strength deformation are not observed in the damaged capacity 
spectrum. But for the elements’ damping capacity deteriorate in damage class I, according 
to 2.2.2, the equivalent viscous damping ratio of the frame at the safety limit point of 
capacity spectrum reduces, which leads to reduction in the SCI. In the damage state D2, 
deformation capacity deterioration occurs in the elements with damage class II, as the 
result, deformation capacity of the capacity spectrum also reduced. There is no strength 
deterioration in the elements as well as the frame. In the damage state III, deformation 
capacity of the capacity spectrum reduced more without reduction in strength. In the 
damage state IV, strength deterioration occurs in the elements entered damage class IV, 
which results in reduction of strength of the frame. Also deformation capacity of the frame 
reduces significantly due to poor residual deformation capacity of the elements in damage 
class IV. At the same time, the damping capacity of frame, which corresponds to the 
equivalent viscous damping ratio at safety limit of the capacity spectrum, reduces due to 
the damping capacity deterioration in the damaged elements. As a result, the SCI of 
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damaged frame reduced to 0.69, which is about half of the intact frame.  
 
 
 
D1 
 
D2 
D1 
D2 
 
D3 
 
D4 
D3 
D4 
(a) Distribution of element damage class (b) capacity spectra 
Fig. 3 - 28 Distribution of Element Damage Class for Damage States D1 to D4. 
 
As mentioned in 2.2.3, in the response spectrum based method, residual seismic 
capacity ratio of structures evaluated as residual ratio of damaged structures’ SCI, relative 
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 DR 

   (3.80) 
where,  
R: residual seismic capacity ratio; 
Dα: SCI at safety limit of the damaged frame; 
α: SCI at safety limit of the intact frame. 
 
The internal work based simplified method for evaluation of R, which is presented 
in the former part of this chapter, calculates R as weighted average of seismic capacity 
reduction factor, ηWi, of the elements, without pushover or other numerical analysis. In 
order to verify effectiveness of the correction factors for various element deformations, 
all of the elements are set to be flexural ones, without considering the influence from 
different failure modes. So the Equation (3.75) for internal work based method degrade 
to be Equation (3.81),  
 
 
 
, , ,
,
, ,
,
Li j Dj ui j WFi j
i j
Li j Dj ui j
i j
M
R
M
  
 
  

 


, (3.81) 
in which the correction factor considering element clear span and distribution of story 
drifts (βLi,j and βDj) are considered. As the frames are designed to have global collapse 
mechanism, hinges are expected to be generated at ends of the beams and base of the 
columns, for which ultimate bending moment, Mui,j, at the hinges of beams and columns 
and the corresponding seismic capacity reduction factors for flexural elements, ηWFi,j, are 
utilized in Equation (3.81).  
Values of the correction factors, βLi,j and βDj, are determined according to 3.3.1, as 
span of the elements does not change a lot in the frame 9A investigated here, βLi,j is 
considered to be 1 for all of the elements. Based on average stiffness ratio of columns and 
beams in each story, βDj is calculated as shown in Table 3 - 10. Values of ηWFi,j and Mui,j 
for each element can be found in Table 3 - 1 and Table 3 - 6. 
 
Table 3 - 10 Calculation of βD, j 
Story 
Average 
stiffness ratio of 
column 
Average stiffness 
ratio of beam 
Stiffness 
reduction 
factor of 
exterior 
column 
Stiffness 
reduction 
factor of 
interior 
column 
Story 
stiffness 
index 
Story drift 
index 
Correction 
factor for 
story drift 
Ckave (106mm3) Bkave (106mm3) aex ain K* (mm) d* βD 
1 7.03 17.06 0.17 0.29 0.88 0.324 1 
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2 7.03 17.06 0.17 0.29 0.88 0.324 0.96 
3 7.03 17.06 0.17 0.29 0.88 0.302 0.87 
4 5.56 13.64 0.19 0.32 0.77 0.322 0.99 
5 5.56 13.64 0.17 0.29 0.70 0.318 0.96 
6 5.56 13.64 0.17 0.29 0.70 0.272 0.71 
7 3.01 7.53 0.22 0.36 0.50 0.307 0.90 
8 3.01 7.53 0.17 0.29 0.38 0.284 0.77 
9 3.01 7.53 0.17 0.29 0.38 0.150 0.21 
 
As for the current standard method, in the case of global collapse frame, seismic 
capacity reduction factor of each element, ηWFi,j, are weighted averaged by taken the 
ultimate bending moment, Mui,j, at hinges in the collapse mechanism as shown in Equation 
(3.82). Influence of the various element deformations are ignored in this method.  
 
,
,
,
,
ui j WFi
i j
ui j
i j
M
R
M




  (3.82) 
The evaluation results given by the three methods are compared in Fig. 3 - 29. Taking 
results of the response spectrum based method, which is considered to be relatively more 
detail and accurate, as reference values, it can be seen that both the internal work based 
method and the current standard method give conservative estimation of the reference 
values, in each of the damage states. Results of the internal work based method, at their 
maximum, is about 10 % lower than the reference values. Result of the current standard 
method is generally close to that of the internal work based method, and this is because 
the frame 9A has elements’ strength distribution that proportional to the seismic story 
shear force, which leads to uniform distribution of story drifts, and influence of the story 
drifts on the evaluation results is not significant. 
 
 
Fig. 3 - 29 Comparison of Evaluation Results for Current and Proposed Methods. 
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3.6.3 Verification on the effectiveness of βD 
On the other hand, the evaluation results of frame 9H2 are shown in Fig. 3 - 31, 
together with the distribution of elements’ damage class in the damage state D4. 
Compared with frame 9A, damage in frame 9H2 concentrates in the lower stories, which 
is because the higher strength of the elements in upper stories results in their smaller 
deformation. Results of the current standard method tend to be higher than that of the 
internal work based method, and in the damage state D4, result of the response spectrum 
based method is overestimated by the current standard method, meanwhile the internal 
work based method still gives a conservative estimation.  
 
 
(a) 
 
(b) 
Fig. 3 - 30 Evaluation results for current and proposed methods as applied to 
frame 9h2. 
 
Reason of the difference is investigated from the elements’ weighting coefficients in 
the internal work based method and the current standard method. Both of the two methods 
define R based on energy dissipation of structures. That means the elements’ weighting 
coefficients should be evaluated based on energy dissipation of the elements. In the 
internal work based method, elements weighting coefficients are considered as cyclic 
energy dissipation which can be evaluated based on strength, deformation and damping 
capacity of the elements. As shown in Equation (3.5) and Equation (3.6), based on 
definition of the equivalent viscous damping ratio, cyclic energy dissipation of flexural 
element can be evaluated based on the pushover analysis results as 
  4 2Fi eFi i iA iA iB iB iE W h M M h          ,  (3.83) 
where,  
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EFi: cyclic energy dissipation of flexural element i; 
WeFi: maximum potential energy of flexural element i; 
hi: equivalent viscous damping ratio; 
MiA, MiB: bending moment at both ends of element i; 
θiA, θiB: rotation angle at both ends of element i. 
 
The cyclic energy dissipation evaluated based on pushover analysis is taken as the 
reference value for comparing the evaluation of elements’ weighting coefficients by the 
internal work based method and the current standard method. 
In the internal work based method, from Equation (3.81), the weighting coefficient 
of element i can be written as 
 ,Fi Li j Dj uiE M      (3.84) 
Damping capacity of the elements is not included in the weighting coefficient here, as 
equivalent viscous damping ratio of flexural elements are roughly considered to be in the 
same level when structures are close to the safety limit, as shown in Fig. 3 - 18. 
Deformation of the elements are considered through the correction factors. As the 
weighting coefficients, proportion of the cyclic energy dissipation among the elements is 
enough, instead of the absolute values. Therefore, the correction factors are utilized here 
to evaluate relative deformation among the elements by considering element clear span 
(βLi,j) and distribution of story drifts (βDj).  
For the current standard method, the elements’ weighting coefficients, that is 
proportion of elements’ energy dissipation is evaluated simply by their ultimate strength, 
as shown in Equation (3.82). Compared with Equation (3.84), it can be understood that 
the influence of various element deformations is ignored by the current standard method. 
The reference value of elements’ weighting coefficients, and those utilized in the 
internal work based method and the current standard method, are compared in Fig. 3 - 31. 
All of the weighting coefficients are normalized by their total values for comparison. By 
looking at the distribution of Ei of the beams, the reference values show that in the lower 
stories the beams tend to have larger Ei, because of their larger deformation and equivalent 
viscous damping ratios which related to larger cyclic energy dissipation, as shown in 
Equation (3.83). For the current standard method, as distribution of story drifts is not 
considered, Ei of the beams in lower stories are underestimated, and for the beams in 
upper stories their Ei are over estimated. Compared with the current standard method, 
owing to the correction factors, Ei utilized in the internal work based method has similar 
distribution with the reference values. As influence of elements’ clear spans can be 
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ignored for the frame 9H2, the improvement in the evaluation results of R testifies to the 
effectiveness of the correction factor considering distribution of story drift, βDj.  
From Fig. 3 - 30 (a), the beams in lower stories have lower ηWFi,j due to their high 
damage classes, meanwhile the beams in upper stories have higher ηWFi,j. In the current 
standard method, smaller weighting coefficients are considered for the beams with lower 
ηWFi,j, and larger weighting coefficients are considered for the beams with higher ηWFi,j, as 
a result, R is overestimated by the current standard method.  
 
 
Fig. 3 - 31 Normalized Element Weighting Coefficients for Various Methods. 
 
 
(a) 6 story frames 
 
(b) 9 story frames 
 
(c) 12 story frames 
Fig. 3 - 32 Normalized Story Drifts for Various Frames at Safety Limit. 
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Owing to different distribution of elements’ strength shown in Fig. 3 - 26, various 
distribution of story drifts are expectable in the series of frame models. Normalized story 
drifts at the safety limit of each frame are shown in Fig. 3 - 32, from which it can be found 
that uniform distribution of elements’ strength, as well as higher frame lead to 
concentrated story drifts in the lower stories.  
In the damage state D4, ratio of the R estimated by the current standard method and 
the internal work based method, to the reference values are compared in Fig. 3 - 33. From 
the U frames to the L frames, distribution of story drifts becomes more and more uniform. 
Correspondingly estimation results of the current standard method decrease relative to 
the reference values, as show in Fig. 3 - 33 (a). For the frames with large difference among 
the story drifts, the current standard method tends to overestimate R of the frames, and 
for the frames with uniform distribution of story drift, the current standard method can 
give more accurate and conservative estimations. Estimation results of the current 
standard method also tend to increase with the number of story, which also leads to 
concentrated story drifts. By utilizing βDj to consider influence of the story drifts, the 
internal work based method gives conservative estimation of R for most of the frames. 
Only for the higher frame with uniform distribution of elements’ strength, frame 9U and 
12U, the estimation results are slightly exceeding the reference values.  
 
 
(a) Current standard method 
 
(b) Internal work based method 
Fig. 3 - 33 Ratio of estimated R to reference values 
 
The residual seismic capacity ratios estimated by the current standard method and 
the internal work based method at each damage state of all the frame models without wing 
walls are compared with their reference values in Fig. 3 - 34. Averages of the ratio of 
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the same figure. For the damage state D1 to D3, results of both the current standard 
method and internal work based method are lower than the reference values. In the 
damage state D4, results of the current standard method are quite discrete. Besides, half 
of the results exceed the reference values, some of them are higher than the reference 
values by about 20%.  
 
 
(a) Current standard method and response spectrum based method  
 
(b) Internal work based method and response spectrum based method 
Fig. 3 - 34 Comparison of residual seismic capacity ratios as determined by 
internal work and current methods for frames without wing wall. 
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(a) Weighting coefficient in current standard method and reference value 
 
(b) Weighting coefficient in internal work based method and reference value 
Fig. 3 - 35 Comparison of elements’ weighting coefficient determined by internal 
work based and current standard methods with reference values 
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most of them are conservative estimations of the reference values. Only few results 
exceed but very close to the reference values, and the difference is smaller than 10%. 
The weighting coefficients of the elements calculated by Equation (3.84) for the 
internal work based method, as well as elements’ ultimate strength for the current standard 
method, are compared with their reference values evaluated by Equation (3.83), in Fig. 
3 - 35. By considering only the elements’ ultimate strengths, weighting coefficients in the 
current standard method sometimes deviate severely from their reference values. By 
taking distribution of the story drifts into account through the correction factor, βDj, 
evaluation accuracy of the elements’ weighting coefficients in the internal based method 
are improved significantly. For the elements having relatively larger weighting 
coefficients, their deviations are confined in less than 30% of the reference values. 
Although the relatively smaller weighting coefficients are tend to be overestimated by the 
internal work based method, their influence on estimation results of R is limited. From 
the investigation above, effectiveness of the correction factor, βDj, in improving 
estimation accuracy of the residual seismic capacity ratio, as well as the elements’ 
weighting coefficients in the internal work based method, is verified. 
 
3.6.4 Verification on effectiveness of βL 
The evaluation results of frame 9AW1 are shown in Fig. 3 - 36, as well as the 
distribution of elements’ damage class in the damage state D4. Compared with frame 9A, 
the damage in frame 9AW1 concentrates in the beams with shorter clear span, which has 
relatively larger deformation as shown in Fig. 3 - 7. In the damage state D4, result of the 
current standard method exceeds the reference value given by the response spectrum 
based method, meanwhile the estimation of internal work based method still accurate and 
conservative.  
To investigate the elements’ weighting coefficients, the reference value of weighting 
coefficients determined by Equation (3.83), and the weighting coefficients utilized in the 
internal work based method and the current standard method, are compared in Fig. 3 - 37. 
It can be found that the beams on right side of the stories, which has shorter clear span 
due to the wing walls, tend to have larger Ei, that is larger cyclic energy dissipation, 
because of their larger deformation and equivalent viscous damping ratios. As difference 
in elements’ clear spans is not considered in the current standard method, Ei of the beams 
with shorter clear span are underestimated. On the other hand, Ei utilized in the internal 
work based method has similar distribution with the reference values because of the 
correction factors considering element clear span. The improvement in the evaluation 
results of R testifies to the effectiveness of the correction factor considering element clear 
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span, βLi,j.  
 
 
(a) Comparison of R 
 
(b) Elements’ damage class 
Fig. 3 - 36 Evaluation results for current and proposed methods as applied to 
frame 9aw1. 
 
From Fig. 3 - 36 (a), the shorter beams have lower ηWFi,j due to their high damage 
classes., Smaller weighting coefficients are considered for the beams with lower ηWFi,j in 
the current standard method, then the overestimation of R can be understood.  
 
 
Fig. 3 - 37 Comparison of weighting coefficients with current and internal work 
based method. 
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(a) Current standard method 
 
(b) Internal work based method 
Fig. 3 - 38 Ratio of estimated R to reference values 
 
In the damage state D4, ratio of the estimated R to the reference values are compared 
between the internal work based method and the current standard method as shown in Fig. 
3 - 38. The frame 6A, 9A and 12A with and without wing walls are considered here, and 
length of the wing walls changes from 1 to 1.5 time of depth of the columns. With increase 
of length of the wing walls, difference among clear span of the beams becomes larger and 
correspondingly R estimated by the current standard method increase relative to the 
reference values, which can be considered as influence of elements’ clear span on 
estimation results of R, as show in Fig. 3 - 38 (a). After the influence is considered in the 
internal work based method with the correction factor βLi,j, most of the estimated R reduce 
to be closer to the reference values. Most of the estimated R are lower than the reference 
values and the others slightly exceeds the reference values by less than 5%. 
The estimation results of the current standard method and the internal work based 
method are compared with their reference values at each damage state of all the frame 
models with wing walls in Fig. 3 - 39. Averages of the ratio of estimated R to the reference 
values are also shown in the same figure together with the variable coefficients. 
Compared with the frame without wing walls shown in Fig. 3 - 34, for the damage state 
D1 to D3, results of the current standard method exceed the reference values in some 
cases, and for the damage state D4, almost in all of the cases R of the frames are 
overestimated by the current standard method, by at most about 20%. All in all, for the 
frame with wing walls, the extent to which the estimation results of the current standard 
method deviate from the reference values becomes larger, which is considered as the 
result of the elements’ different clear span.  
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distribution of story drifts with the correction factors, βLi,j and βDj, all of the estimation 
results for the damage state D1 to D3 reduces to be lower than the reference values. For 
the damage state D4, the estimation results become more concentrated to the reference 
values and most of the estimation results are lower or slightly higher than the reference 
values.  
 
 
(a) Current standard method and response spectrum based method 
 
(b) Internal work based method and response spectrum based method 
Fig. 3 - 39 Comparison of estimated R factors for current and internal work based 
methods for frames with wing walls. 
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Taking the cyclic energy dissipation evaluated by Equation (3.83) as reference 
values for the elements’ weighting coefficients, the weighting coefficients utilized in the 
internal work based method calculated by Equation (3.84) as well as the weighting 
coefficients utilized in the current standard method are compared in Fig. 3 - 40.  
 
 
(a) Between current standard method and reference value 
 
Fig. 3 - 40 Comparison of elements’ weighting coefficients 
 
0
0.05
0.1
0.15
0.2
0.25
0 0.05 0.1 0.15 0.2 0.25
iE Current standard method
6 story 9 story 12 story
iE
Reference value
40%
40%
0
0.05
0.1
0.15
0.2
0.25
0 0.05 0.1 0.15 0.2 0.25
iE
iE
Reference value
6 story 9 story 12 story
40%
40%
Internal work based method
CHAPTER 3 Structural Internal Work Based Method 
3-64 
 
In the current standard method, by considering element’ weighting factors only by 
the elements’ ultimate strengths, weighting coefficients deviate severely from their 
reference values. By taking different elements’ clear span, and distribution of the story 
drifts into account through the correction factor, βLi,j and βDj, the elements’ weighting 
coefficients tend to approach the reference values, for the relatively larger weighting 
coefficients, their deviations are confined, generally, in less than 40% of the reference 
values, some of the smaller weighting coefficients are significantly overestimated in the 
internal work based method, especially for the frames having 9 and 12 stories, which 
makes some of the estimated R in the damage state D4 still exceeds the reference values 
slightly。From the investigation above, effectiveness of combination of the correction 
factor, βLi,j and βDj, in improving estimation accuracy of the residual seismic capacity ratio, 
as well as the elements’ weighting coefficients in the internal work based method, is 
verified. 
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3.7 Verification of the correction factors for failure mode  
Effectiveness of the correction factors introduced in 3.3.2, in order to consider the 
influence of different failure mode of elements on the structural residual seismic capacity 
ratio, R, (βF and βS), is verified. A series of frame models composed of elements with 
flexural and shear failure mode are set, and the proposed response spectrum based method 
and internal work based method, as well as the current standard method are applied at 
different damage state to evaluate R of the frames. To determine value of βF and βS, 
dominant failure mode of the frames is judged according to 2.3.3, based on the results of 
pushover analysis in the response spectrum based method. And in the internal work based 
method, the dominant failure mode judgement index, Md, of each frame are estimated by 
the simplified method proposed in 3.4. By taking results of the response spectrum based 
method as the reference values for both R and Md, estimation accuracy of R and Md by 
the internal work based method are verified by comparing with the reference values. 
Moreover, estimation accuracy of the internal work based method are compared with the 
current standard method, based on the reference values given by the response spectrum 
based method. Their difference in evaluation accuracy is investigated from the proportion 
of flexural and shear elements’ weighting coefficient of the structure as a whole, that is 
the energy dissipation of the flexural and shear elements. Through the verification, it is 
concluded that through considering the elements’ weighting coefficient more 
appropriately by introducing the correction factors for different failure mode, the internal 
work based method can give a more accurate estimation of R for buildings composed of 
elements with different failure modes. 
 
3.7.1 Setting of frame models 
Low- to middle rise RC buildings with frame structure are considered here, in which part 
of the columns, because of the existence of sill and spandrel walls, demonstrate relatively 
shorter clear spans which lead to shear failure of the columns, as shown in Fig. 3 - 41.The 
damage state which contains both shear and flexural elements are commonly observed in 
school buildings, according to the previous post-earthquake investigation. At first, like 
what is described in 3.6.1, under the condition that seismic force acting on each story is 
considered by Ai distribution, we make the elements in different stories proportional to 
seismic shear force at each story, and design typical frames with global collapse 
mechanism. For each of the elements, we keep their area ratio of tensile longitude 
reinforcement in a close and reasonable range, to determine their section sizes. At that 
time, the equation for ultimate strength of columns and beams given in Appendix 1 are 
utilized. Story height and span between the columns are uniformly set as 3.5m and 6m 
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respectively. 
Then by building sill and spandrel walls, we can change the clear spans of the 
columns, thus making the lateral force needed to make columns reach ultimate shear force, 
Qui, smaller than that required by their ultimate bending moment, Mui., even when the 
columns experience shear failure before flexural yielding and turn to shear elements. As 
shown in Fig. 3 - 24, the walls are considered by rigid zones in the frames. 
For arrangement of the shear columns in each frame, their number and position are 
set by considering the proportion between shear and flexural columns, collapse 
mechanism of the frames and period of the frame. As shown in Fig. 3 - 41, 3LG and 3LSc 
contains relatively fewer shear columns, in each story 20% of the columns is shear 
columns. Meanwhile the frame 3LS is designed to have story collapse mechanism at the 
1st story by magnifying strength and section of the beams and columns above 2nd floor to 
be twice of the frame 3LG. Compared with the frame 3LG, in frame 3MG the percentage 
of shear columns in each story is enhanced to 50%. In reality, distribution of shear 
columns may not be as even as 3LG and 3LS, and frame 3C1 and 3C2 are set as examples 
of the frames having more complex distribution of shear columns, in which different story 
has different percentage of shear columns. In general, the frame 3C2 has larger proportion 
of shear columns than the frame 3C1. 6LG has the same proportion between shear and 
flexural columns with 3LG but the number of story is twice. 6LS is designed to have 
partial collapse mechanism by magnifying strength and section of the beams and columns 
above the 2nd floor to be twice of the frame 6LG. The frame 6MG has 50% of shear 
columns in each story. Frame 6C1 and 6C2 has more complex distribution of shear 
columns and the proportion of shear columns is different in only the 1st and 2nd story.  
The ultimate bending moment of the columns and beams with long clear span, Mu, 
and the ultimate shear force of the shear columns with short clear span, Qu, are shown in 
Table 3 - 11. Owing to the additional walls clear span of the beams also reduce and are 
designed to be long enough to avoid shear failure of the beams. Clear span of each 
elements, h0, together with their section sizes, D × b, area ratio of longitude reinforcement 
and stirrup, pt and pw, are also shown in Table 3 - 11.  
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Fig. 3 - 41 Distribution of Element Types in 3 and 6 Story Frame Models. 
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Table 3 - 11 Information of frames composed of flexural and shear elements 
Frame model Story 
Column  Beam 
Long clear span Short clear span Long clear span Short clear span 
Mu (kN·m) D × b (mm) pt (%) Qu (kN) h0 (mm) pw (%) Mu (kN·m) D × b (mm) pt (%) h0 (mm) 
3LG, 3MG, 3C1, 3C2 
1 711 700×700 0.3 978 1200 
1.0 
474 700×420 0.7 2300 
2 542 660×660 0.3 835 1240 362 660×400 0.7 2340 
3 323 600×600 0.3 647 1300 215 600×360 0.5 2400 
3LS 
1 711 700×700 0.3 1013 1020 948 880×530 0.7 2300 
2 1085 850×850 0.4 1500 1050 723 850×510 0.6 2150 
3 645 750×750 0.4 1084 1150 430 750×450 0.5 2250 
6LG, 6MG 
1 1648 800×800 0.5 1342 1600 1098 800×480 1.1 3200 
2 1507 800×800 0.5 1307 1600 1005 800×480 1.0 3200 
3 1326 800×800 0.5 1269 1600 884 800×480 0.9 3200 
4 1104 700×700 0.7 951 1700 736 700×420 1.1 3300 
5 835 700×700 0.5 907 1700 556 700×420 0.9 3300 
6 508 700×700 0.3 855 1700 338 700×420 0.5 3300 
6LS 
1 1628 800×800 0.5 1342 1600 1098 800×480 1.1 3200 
2 1507 800×800 0.5 1307 1600 1005 800×480 1.0 3200 
3 2653 1000×1000 0.6 2114 1400 1768 1000×600 0.9 3000 
4 2208 1000×1000 0.5 2058 1400 1472 1000×600 0.8 3000 
5 1669 900×900 0.6 1572 1500 1113 900×540 0.8 3100 
6 1015 900×900 0.4 1514 1500 677 900×540 0.5 3100 
6C1, 6C2 
1 1648 800×800 0.5 1342 1600 
Same with 6LG, 6MG 
2 1463 800×800 0.5 1342 1700 
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Fig. 3 - 42 Trilinear Shear Force-Deformation Models for Shear Elements. 
 
Table 3 - 12 Definition of two damage states 
Damage state Definition 
Da The step after 1st shear element reaches damage class IV 
Db The step after 1st flexural element reaches damage class IV 
 
All of the flexural elements are assumed to have ultimate plasticity coefficient of 5, 
and their bending moment-rotation relationship are modeled by the trilinear model shown 
in Fig. 3 - 27. On the other hand, ultimate plasticity coefficient of shear elements are 
uniformly assumed to be 2, and the shear force-shear deformation relationship are 
modeled by the trilinear model shown in Fig. 3 - 42. Pushover analysis is carried out on 
each of the frame models and damage class of each of the elements are determined by 
their plasticity coefficients at each of the analytical step. The relationship between 
damage class and plasticity coefficient of flexural and shear elements are shown in Fig. 
3 - 27 and Fig. 3 - 42.  
For each of the frames shown in Fig. 3 - 41, two damage states are defined by damage 
class of the elements according to Table 3 - 12. The damage state Da is considered as the 
damage state under a relatively small earthquake. Since the seismic response in the 
structure is relatively small, only some of the shear elements suffered significant damage 
and entered damage class III or IV, meanwhile damage of the flexural elements is 
considered to be in slight or minor damage level. For the frames dominant by shear failure 
mode, the safety limit is considered as ultimate state of the shear elements, thus the frames 
are close to the safety limit at damage state Da and their residual seismic capacity are 
considered to be low. However for the frames with flexure dominant failure mode, as their 
safety limit is at ultimate state of the flexural elements, the relatively low damage level 
of flexural elements means the frames are still far from the safety limit, and they may still 
have higher residual seismic capacity. On the other hand, the damage state Db is 
considered as the damage state under a relatively sever earthquake. Seismic response of 
Shear deformation
Ⅰ Ⅱ Ⅲ Ⅳ
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structures are considered to be relatively larger and the shear elements have basically 
failed, meanwhile some of the flexural elements reached severe damage level. For the 
shear dominant frames, with failure of the shear elements the frames are considered to 
have exceeded their safety limit. And for the flexural dominant frames, they are 
considered to be close to the safety limit and their residual seismic capacity are low. 
Corresponding to each of the damage states, residual seismic capacity ratio, R, of the 
frames are evaluated. 
 
3.7.2 Evaluation of residual seismic capacity ratio 
At first residual seismic capacity ratio, R, of the frames are evaluated by the response 
spectrum based method. Taking the frame 6LG as an illustrative example here, according 
to the procedure presented in 2.3, at first capacity spectrum of the frame including 
strength degradation due to failure of the shear elements are obtained, by replacing the 
shear elements which reach their ultimate deformation one by one and repeating pushover 
analysis on the upgraded frame models. Series of capacity spectra calculated from 
multiple pushover analysis are shown in Fig. 3 - 43 (a). The shear and flexural elements 
corresponding to the element ultimate points of each of the capacity spectra are shown in 
Fig. 3 - 43 (b), together with the yielded flexural elements and the collapsed shear 
elements given by pushover analysis. From the figures, the shear elements reach their 
ultimate deformation before the flexural elements reach theirs and finally the frame 6LG 
collapsed in the partial collapse mechanism occurs in story 1 to 4. Although the original 
typical frame is designed to collapse in the global collapse mechanism, after part of the 
columns’ failure mode change from flexure to shear, and stiffness of the stories reduce 
due to failure of the shear columns, the partial collapse mechanism forms in the lower 
stories, in which the shear columns be destroyed first. Capacity spectrum of the frame 
6LG in its intact state obtained by connecting the series of capacity spectra in Fig. 3 - 43 
(a) is shown in Fig. 3 - 44, together with the SCIs at each of the element ultimate points. 
Calculation of the SCIs is shown in Table 3 - 13. The larger value of the SCI between the 
two shear element ultimate points, 0.38, is taken as αS, and the SCI at the first flexural 
element ultimate point is considered as αF, which equals 1.03. According to 2.3.3, the 
judgement index for dominant failure mode of the frame, Md, is calculated as  
0.38 0.37 1
1.03
S
d
F
M 

    , 
which means the frame 6LG is dominated by flexure failure mode, and the SCI at safety 
limit of the structure is then considered as the αF. 
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(a) Series of capacity spectra (b) Collapse sequence of elements 
Fig. 3 - 43 Capacity Spectra Determined via Pushover Analysis for 6LG. 
 
 
Fig. 3 - 44 Frame 6LG Capacity Spectrum Determined Based on Pushover Curves 
shown in Fig. 3-42. 
 
Table 3 - 13 Calculation of SCI at each element ultimate point 
Element 
ultimate 
point 
Spectral 
acceleration 
Spectral 
displacement 
Equivalent 
period 
Corresponding 
acceleration on 
design response 
spectrum 
Equivalent 
viscous 
damping ratio 
Response 
reduction 
factor 
SCI 
Sa (gal) Sd (cm) T (s) Sae (gal) h Fh α 
S1 430.13 7.40 0.824 1200 0.054 0.974 0.38 
S2 352.67 8.15 0.955 1086.14 0.054 0.976 0.33 
F3 353.48 27.67 1.757 590.08 0.158 0.582 1.03 
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(a) Damaged capacity spectrum 
 
(b) Elements’ damage classes 
Fig. 3 - 45 Damage Class Da Damaged Capacity Spectrum for Frame 6LG. 
 
 
(a) Damaged capacity spectrum 
 
(b) Elements’ damage classes 
Fig. 3 - 46 Damage Class Db Damaged Capacity Spectrum for Frame 6LG. 
 
Based on the model for the intact frame, deterioration in strength, deformation and 
damping capacity of the damaged elements are considered by reducing the elements’ 
models with the corresponding seismic performance reduction factors, and the models for 
the frame in damage state Da and Db are established respectively. Pushover analysis is 
carried out on the damaged models and through the same procedure the damaged capacity 
spectra corresponding to the damage state Da and Db, as shown in Fig. 3 - 45 and Fig. 3 
- 46. Dominant failure mode of the damaged frames are considered to be same with the 
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intact one, thus the SCI at the first flexural element ultimate point of the damaged capacity 
spectra, DαF, are calculated for the frames in damage state Da and Db. Then the residual 
seismic capacity ratio for the frame 6LG in damage state Da is calculated as, 
0.97 0.95
1.03
D F
F
R 

   . 
And for the damage state Db the residual seismic capacity ratio is calculated as, 
0.58 0.56
1.03
D F
F
R 

   . 
Take the values of Md and R obtained in the response spectrum based method above 
as the reference values, estimation accuracy of the internal work based method is then 
verified by comparing its estimation results with the reference values.  
When applying the internal work based method to evaluate residual seismic capacity 
ratio of the frame, the first step is to determine value of the correction factors according 
to 3.3. The correction factors for various element deformation, βL and βD, can be 
determined according to 3.3.1, of which the effectiveness has been investigated in 3.6. 
For the frames composed of flexural and shear elements, it is necessary to consider the 
correction factors for different failure modes, βF and βS, based on dominant failure mode 
of the frames. In the internal work based method, their dominant failure modes are judged 
by estimating the judgment index, Md, according to the simplified method presented in 
3.4, in which Md is calculated based on the strength ratio, γa, displacement ratio, γd, and 
period-damping ratio, γS, as Equation (3.59). Value of these ratios are simply estimated 
without pushover analysis according to 3.4.2. In the case of 6LG, based on the ultimate 
strength and clear span of the elements shown in Table 3 - 11, the strength ratio, γa, can 
be calculated according to Equation (3.65) as 
 0.5 0.95ui ia
ui
Q h
M
   

.  
The calculation is based on the partial collapse mechanism of the frame 6LG shown in 
Fig. 3 - 43, which can be judged based on distribution of damage among the elements in 
the case of actual damaged buildings, during the post-earthquake field investigation.  
For the displacement ratio, γd, estimated by Equation (3.69), the minimum ratio of 
element clear span to the corresponding story height or total span, h0i,j/hi,j, among the 
flexural elements is approximately considered as 1, and for the shear elements the value 
is 1600/3500 corresponding to the shear column at the 1st story. The equivalent height, 
HeS and HeF, are evaluated by Equation (3.68), based on the global collapse mechanism 
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and the actual partial collapse mechanism, respectively.  
 
2 2 2 2 2 21 2 3 4 5 6 4.33
1 2 3 4 5 6eS
H      
    
.   
 
2 2 2 2 2 21 2 3 4 4 4 3.44
1 2 3 4 4 4eS
H      
    
.   
The displacement ratio, γd, is then calculated as 
   
0
0
min
0.4 0.23
min
Si Si eS
d
Fi Fi eF
h h H
h h H
    .  
Meanwhile, the period-damping ratio, γS, is estimated by Equation (3.73) by 
considering height of the frame 6LG as 21m and TC of the design spectrum corresponding 
to the second type of site as 0.864s. 
 0.6 0.88
0.028
C
S
T
H
   .  
At last, the judgement index, Md, is estimated according to Equation (3.59) as 
 0.41 1d S a dM      ,  
which means the frame 6LG is dominated by flexural failure mode. 
In the coordinate system shown in Fig. 3 - 47, where the value of γa are γd are 
represented respectively by the vertical and horizontal axis, curve Md =1 functions as the 
boundary line of the dominant failure mode, which separates the flexural dominant area 
from the shear dominant area. The position of the failure mode boundary line is decided 
by γS. Points with the γa and γd of the structure as its vertical and horizontal coordinates is 
the failure mode performance point. 
Using the capacity spectrum acquired in the response spectrum based method 
through pushover analysis, the shear element ultimate point and flexural element ultimate 
point where αS, and αF are can be identified, and use the Sa, Sd, T and Fh of this shear 
element ultimate point and flexural element ultimate point, the exact value of γa, γd and γS 
are calculated. Based on these 3 values, exact position of the failure mode boundary line 
and performance point can be determined. Compared with estimation result acquired by 
using simplified method in the internal work based method, the estimated performance 
point is close to the exact one based on pushover analysis, which denotes better accuracy 
of the simplified method on γa and γd . There is a distance between the estimated position 
of the boundary line and the exact position, and and the estimated value of γS, compared 
with its exact value, shows some deviation, but is a conservative estimation. Finally the 
Md is conservatively estimated by the simplified method and higher than the reference 
value acquired in the response spectrum based method by 14%.  
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The above estimation procedure is based on the partial collapse mechanism of the 
frame 6LG. Generally the collapse mechanism can be judged based on the distribution of 
damage among the elements. For example, based on the distribution in damage state Db 
shown in Fig. 3 - 46 (b), damage of the elements in story 1 to 4 are much more severe 
compared with story 5 and 6. Also the columns in story 1 and 4 have damage class higher 
than II, which means they have yielded. Based on the information, we can imply that the 
partial collapse mechanism from story 1 to 4 occurs in the frame 6LG. However, this 
implication will become difficult when the damage class of elements are generally low 
and damage are relatively evenly distributed among each element, as shown in Fig. 3 - 
45 (b). In this situation, by reference to the method described in [5][JBPDA, 2015], a 
story collapse mechanism generated at the story in which the vertical elements have most 
severe damage is adopted as an assumed collapse mechanism, and the estimation of Md, 
as well as the estimation of residual seismic capacity ratio, R, which is shown in the 
following, are conducted based on the assumed collapse mechanism. As shown in Fig. 3 
- 45 (b), for the frame 6LG, the assumed collapse mechanism should be the story collapse 
occurs in the 2nd story in the damage state Da. Through the similar procedure, based on 
the assumed collapse mechanism, the Md is estimated to be 0.70, which is higher than the 
value based on the observed collapse mechanism and considered as a conservative 
estimation which tend to judge the dominant failure mode of the structures to be shear 
failure mode. 
 
 
Fig. 3 - 47 Failure mode performance point and boundary line 
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0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 0.2 0.4 0.6 0.8 1
Flexure 
dominant
area
Shear 
dominant 
area
a
d
1dM 
1dM 
Estimation
Pushover
0.36dM 
0.41dM  Estimation
Pushover
0.270.23
1.22
0.95
0.63S 
0.88S 
Pushover
Estimation
CHAPTER 3 Structural Internal Work Based Method 
3-76 
 
correction factors for flexural and shear failure mode, βF and βS, are determined as 1 and 
0.33γd = 0.33×0.23 = 0.08, respectively. In terms of the other factors needed in calculating 
residual seismic capacity ratio, R, by the internal work based method, ultimate strength 
of the flexural and shear elements, Mui,j and Qui,j, and clear span of the shear elements, 
h0i,j, can be found in Table 3 - 11, seismic capacity reduction factor, ηWFi,j and ηWSi,j, can 
be determined according to damage class and failure mode of each element as shown in 
Table 3 - 1, moreover, the correction factors for various element deformation, βLi,j and 
βDj, are determined according to 3.3.1. Finally, based on the actual collapse mechanism 
observed from the distribution of damage, that is the partial collapse mechanism in story 
1 to 4, R can be calculated by Equation (3.75) for damage state Da. 
 
   
   
, , , , , 0 , ,
, ,
, , , , 0 ,
, ,
0.88
F Li j Dj ui j WFi j S Li j Dj ui j i j WSi j
i j i j
F Li j Dj ui j S Li j Dj ui j i j
i j i j
M Q h
R
M Q h
       
     
         

       

 
  .  
 
 
(a) Flexure dominant (b) Shear dominant 
Fig. 3 - 48 Estimated R based on flexure and shear dominant failure mode 
 
The flexural elements generally have slight damage in the damage state Da, based on 
which to identify the collapse mechanism which has not formed yet may be difficult. As 
mentioned before, by assuming the collapse mechanism to be story collapse mechanism 
at the story where the vertical elements are most severely damaged, the assumed collapse 
mechanism based estimation result of R is calculated to be 0.85, which is close to the 
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observed collapse mechanism based result, and both of the two estimation results 
obtained here are conservative estimation of the reference value, which is given by the 
response spectrum based method.  
In the damage state Db, which is considered as the damage state under a relatively 
severe earthquake, the reference value of R given by the response spectrum based method 
is 0.56, and the estimated results by the internal work based method, are calculated to be 
0.52 and 0.43, respectively based on the observed collapse mechanism and the assumed 
collapse mechanism. Both of the estimated results are conservative relative to the 
reference value, as shown in Fig. 3 - 48 (a). 
At the same time, if the dominant failure mode of the frame 6LG is considered as 
shear failure mode, value of the correction factors considering failure mode of the 
elements, βFi,j and βSi,j, change to be 0.5 and 1.0 respectively. In that case, As shown in 
Fig. 3 - 48 (b), the estimated results of the internal work based method significantly 
reduce, and residual seismic capacity of the frame 6LG is considered to be underestimated. 
Moreover, taking residual seismic capacity ratio, R, evaluated by the response 
spectrum based method as the reference values, then estimation accuracy of the internal 
work based method proposed in this chapter and the current standard method are 
compared in Fig. 3 - 48. As shown in Equation (3.1) and Equation (3.2), in the current 
standard method, R is calculated as weighted average of seismic capacity reduction factor 
of each element, and the weighting coefficients are considered by ultimate strength of 
each element. In light of this, for the frames composed of both flexural and shear elements 
shown in Fig. 3 - 41, R is calculated by Equation (3.85), based on the assumption of 
global collapse mechanism, and by Equation (3.86), based on the assumption of story 
collapse mechanism. 
 
Sui WSi Fui WFi
i i
Sui Fui
i i
M M
R
M M
   


 
 
  (3.85) 
 
Sui WSi Fui WFi
i i
Sui Fui
i i
Q Q
R
Q Q
   


 
 
  (3.86) 
where,  
MSui: ultimate bending moment of beams connected to top of shear column i; 
MFui: ultimate bending moment at base of flexural columns and beams connected 
to flexural columns; 
QSui: ultimate shear force of shear column i in story with most severe damage; 
QFui: ultimate shear force of flexural column i in story with most severe damage; 
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ηWFi: seismic capacity reduction factor of flexural element i; 
ηWSi: seismic capacity reduction factor of shear element i; 
 
From Fig. 3 - 49, the internal work based method gives relatively accurate and also 
conservative estimation on the reference values by response spectrum based method, in 
both the damage state Da and Db. On the other hand, result of the current standard method 
based on the assumption of global collapse mechanism has similar accuracy with the 
internal work based method in damage state Da, but the result becomes much lower than 
the reference value in damage state Db. Meanwhile, the current standard method based 
on story collapse mechanism underestimates R of the frame 6LG significantly in both the 
damage state Da and Db. 
 
 
Fig. 3 - 49 Comparison of r factors determined for damage class da and db using 
proposed and current methods. 
 
3.7.3 Investigation on evaluation results 
Capacity spectrum of the frames shown in Fig. 3 - 41 and investigated in this section 
are summarized in Fig. 3 - 50. It can be seen that the period of the frames changes within 
certain range. Between the shear and flexural element ultimate point of each of the spectra, 
the ratio of strength and the ratio of displacement are different. Generally, the capacity 
spectra, with shorter period and larger proportion of the shear area, is dominated by shear 
failure mode and reach safety limit at the shear element ultimate points. The feature of 
the frames, such as proportion between the shear and flexural elements, together with 
their period, influences shape of the capacity spectra and changes the dominant failure 
mode, thus influencing the evaluation result of residual seismic capacity ratios by the 
response spectrum based method and estimation accuracy of the simplified evaluation 
methods, namely the internal work based method and the current standard method.  
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The judgement index of dominant failure mode, Md, determined based on the 
capacity spectra in the response spectrum based method for each of the frames are 
compared with the estimation results in the internal work based method in Fig. 3 - 51. 
The frames are arranged according to the values of Md obtained by the response spectrum 
based method from large to small. The frame 3MG, 6C2 and 3C2 are judged to be 
dominated by shear failure mode, and the frames are judged to have flexure failure mode. 
 
 
Fig. 3 - 50 Summary of Capacity Spectra for 3 and 6 Story Frames. 
 
 
Fig. 3 - 51 Comparison of estimated Md and reference values  
The values estimated by the simplified method in the internal work based method are 
all higher than the reference values and tend to judge the structures to be dominated by 
shear failure mode. For all of the frames investigated in this section, the judgement results 
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made by using the estimated Md (which is estimated based on the observed collapse 
mechanism) are the same with judgement results made by using reference values. That 
means based on the observed collapse mechanism, dominant failure mode of the frames 
are conservatively estimated by the proposed simplified method with some accuracy in 
the internal work based method. Meanwhile, in the case that the collapse mechanism of 
the target frames are difficult to be identified by observing the damage distribution 
because the damage is relatively slight damage and is evenly distributed among each 
element, the estimation should be based on the assumed collapse mechanism. As 
mentioned before, the story collapse occurs at the story with most severe damage in the 
vertical elements is taken as the assumed collapse mechanism. The deviation of the 
estimation result, compared with that resulting from the estimation based on the observed 
collapse mechanism, is slightly larger. For the frames with reference value of Md over 0.5, 
the estimated values are close to 1 and even exceeds 1 for the frame 6MG, which leads to 
different judgement of dominant failure mode from the reference values. However, it can 
be concluded that generally the simplified method gives conservative judgement of 
dominant failure mode of the frames. To avoid too conservative estimation by which the 
flexure dominant structures are judged to be dominated by shear failure mode, especially 
when the assumed collapse mechanism is considered, when the estimated Md is close to 
1, further investigation is needed to make more accurate judgement. 
By looking at two typical frames, the frame 3MG and 6LG which have respectively 
the highest and lowest Md among the investigated frames, the influence exerted by the 
features of frames on the dominant failure mode is explained below. The frame 3MG has 
relatively higher percentage of shear columns, which results in higher strength ratio, γa, 
and higher position of the failure mode performance point in the γa, - γd coordinate system 
shown in Fig. 3 - 52 (a). At the same time shorter period of the low-rise frame 3MG leads 
to lower failure mode boundary line corresponding to large γS. As shown in Equation 
(3.59), larger γS means smaller γa and γd are needed to let Md = 1. The higher failure mode 
performance point and the lower failure mode boundary line results in the fact that the 
performance point is above the boundary line and is located in the shear dominant area 
above the boundary line. According to this, we can conclude that the frame 3MG is 
dominated by shear failure mode. On the other hand, percentage of the shear columns is 
lower in the frame 6LG, which leads to reduction of γa and the performance point. 
Meanwhile longer period of the frame 6LG means increase of the failure mode boundary 
line, which leads to the magnification of the flexural dominant area and the performance 
point is now way below the boundary line, thus the frame 6LG has much lower Md and 
dominated by flexural failure mode. 
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As shown in Fig. 3 - 52 (b), the large difference in Md between frame 3MG and 
frame 6LG corresponds to the difference in their capacity spectra. Safety limit of the 
flexure dominant frame 6LG is at the flexural element ultimate point and for the shear 
dominant frame 3MG it is at the shear element ultimate point, which further weakens 
deformation capacity of the shear dominant frame. 
(a) Failude mode performance points 
and boundary lines (b) Capacity spectra 
Fig. 3 - 52 Comparison of failure mode performance point, failure mode boundary 
line and capacity spectrum of frame 3MG and 6LG 
Residual seismic capacity ratio, R, evaluated by the response spectrum based method 
for each of the frames are shown in Fig. 3 - 53 and Fig. 3 - 54, together with the estimation 
results given by the internal work based method. The R given by the response spectrum 
based method is taken as the reference values to verify estimation accuracy of the 
simplified evaluation methods, namely the proposed internal work based method and the 
current standard method.  
Fig. 3 - 53 shows the estimation results by considering the frames are dominated by 
flexural failure mode, and the correction factors for different failure modes, the βF and βS, 
are considered as 1 and 0.33γa. Both the estimation results calculated based on the 
observed collapse mechanism and the assumed collapse mechanism are shown together. 
In the damage state Da, for the shear dominate frames, even severe damage is only 
generated at some of the shear elements and most of the flexural elements’ damage level 
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is slight, residual seismic capacity of the damaged frames reduce significantly and value 
of the R is located within the range of 50% ~ 70%. According to [5], the value of R means 
damage level of the frames are at the moderate or severe level. However, estimation 
results of the internal work based method is between 80% ~ 90%, corresponding to the 
minor damage level and overestimate residual seismic capacity of the shear dominant 
frames.  
 
 
(a) Damage state Da 
 
(b) Damage state Db 
Fig. 3 - 53 Estimated r ratios for all frames with assumed flexural failure. 
 
For the frames dominated by flexural failure mode, failure of the shear elements 
does not lead to safety limit of the frames, and the reference values of R evaluated by the 
response spectrum based method still remain in quite high level, according to which 
damage level of the frames are considered to be around slight and minor damage level. 
For these flexure dominant frames, the internal work based method utilizing the 
correction factors for flexure dominant structures gives slightly conservative estimation 
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of R, which is considered as effective estimation. In the damage state Db, the shear 
elements are considered to have reached their ultimate deformation and severe damage is 
generated at some of the flexural elements. As the shear dominant frames are considered 
to reach their safety limit when the shear elements reach their ultimate deformation, they 
have already exceeded their safety limit in the damage state Db, for which their residual 
seismic capacity are not evaluated. For the flexure dominant frames, in the damage state 
Db the reference values of their R is around 60%, which means these flexure dominant 
frames are around moderate and severe damage level. The internal work based method 
gives lower estimated values of R than the reference values, although the estimation error 
compared with the damage state Da, is larger, most of the estimation errors are within 
about 10% percent and the estimation of internal work based method for flexure dominant 
frames is considered to be effective, by utilizing the correction factors, βF and βS, 
corresponding to flexure dominant failure mode.  
Meanwhile, by looking at the estimation results based on the assumed collapse 
mechanism, which is considered to be adopted when collapse mechanism of structures 
are difficult to be identified according to the distribution of damage, the estimation results 
are very close to the values based on observed collapse mechanism and slightly 
conservative relative to the reference values for the flexure dominant frames. 
Fig. 3 - 54 shows the estimation results of the internal work based method by 
considering dominant failure mode of the frames as shear failure mode, correspondingly 
the correction factors, βF and βS, are considered as 0.5 and 1. For the shear dominant 
frames in the damage state Da, the reference values of residual seismic capacity ratio 
suggests damage level of the frames are close to the border of moderate and severe 
damage level, meanwhile the estimated values suggest similar damage level and the 
internal work based method is considered as an effective estimation for the shear 
dominant frames by utilizing the correction factors for shear dominant failure mode. On 
the other hand, for the frames dominated by flexural failure mode, the internal work based 
method considering correction factors for flexure dominant failure mode gives much 
lower estimation, for the damage state Da, compared to the reference values in slight and 
minor damage level, the estimated values are around the border of moderate and severe 
damage level. And for the damage state Db, compared to the reference values close to the 
border of moderate and severe damage level, the estimated values are close to 0 and 
according to which the frames are considered to be close to collapse in [5]. 
From the comparison above, it can be concluded that, under the assumption that the 
dominant failure mode of structures are rightly judged, by utilizing the correction factors 
corresponding to flexure and shear dominant failure mode respectively, residual seismic 
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capacity ratio of the shear and flexure dominant frames are effectively estimated by the 
internal work based method. In the next, estimation accuracy of the internal work based 
method is compared with the current standard method.  
 
 
(a) Damage state Da 
 
(b) Damage state Db 
Fig. 3 - 54 Estimated r ratios of internal work based method considering shear 
failure as dominant failure mode. 
 
The evaluation results in the damage state Da are shown in Fig. 3 - 55 (a), from 
which it is found that, under the assumption that the dominant failure modes of the frames 
are rightly judged, the internal work based method gives slightly conservative estimation 
of the reference values. Meanwhile, the current standard method gives estimation at the 
same level of accuracy for the shear dominant frames, and tend to underestimate the 
reference values, no matter the current standard method based on story collapse 
mechanism or global collapse mechanism, for the flexural dominant frames. Generally, 
the estimation results based on global collapse mechanism are higher compared with 
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those based on story collapse mechanism. This can be explained as follow: in the frames, 
generally damage of the elements on the lower part of the frames are more severe than 
those on the upper part of the frames. The current standard method considering global 
collapse mechanism considers all of the elements in each story, including those having 
lower damage level and higher seismic capacity reduction factors. On the other hand, the 
current standard method considering story collapse mechanism only take the story with 
most severely damaged vertical elements into account. As the residual seismic capacity 
ratio in the current standard method is calculated as weighted average of the seismic 
capacity reduction factors of each element, the results based on global collapse 
mechanism tend to be higher. 
 
 
(a) Damage state Da 
 
(b) Damage state Db 
Fig. 3 - 55 Comparison of evaluation results for proposed and current methods for 
damage class Da and Db. 
 
The evaluation results of the frames in the damage state Db is shown in Fig. 3 - 55 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
3MG 6C2 3C2 6MG 3LS 6C1 3C1 3LG 6LS 6LG
R
Shear dominant Flexure dominant
Severe
Moderate
Minor
Slight
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
3MG 6C2 3C2 6MG 3LS 6C1 3C1 3LG 6LS 6LG
R
Shear dominant Flexure dominant
Severe
Moderate
Minor
Slight
Pushover analysis 
Internal work based method
Current standard method (global collapse mechanism)
Current standard method (story collapse mechanism)
CHAPTER 3 Structural Internal Work Based Method 
3-86 
 
(b), similarly, by making right judgement of the dominant failure mode of the frames, the 
internal work based method gives relatively accurate estimation for the reference values. 
On the other hand, estimation results of the current standard methods has poor accuracy. 
Generally the current standard method based on story collapse mechanism underestimates 
the reference values too conservatively. For the current standard method based on global 
collapse mechanism, the estimated results tend to underestimate the reference values for 
the frames with global collapse mechanism (3LG) or partial collapse mechanism (6LG). 
Meanwhile the current standard method based on global collapse mechanism tend to 
overestimate the reference values for the frames with story collapse mechanism (3LS and 
6LS), which can be considered as the elements on the upper part of the structure with 
lower damage level and higher seismic capacity reduction factors which are outside of 
the collapse mechanism are take in to consideration in the current standard method based 
on global collapse mechanism. 
It can be concluded from the analysis above that, compared with the current standard 
method, especially for the flexure dominant frames, the internal work based method gives 
more effective estimation on the reference values of residual seismic capacity ratio. 
 
3.7.4 Verification on the effectiveness of βF and βS 
In order to verify effectiveness of the correction factors for different failure modes, 
βF and βS, proportion of weighting coefficient between the shear and flexural elements in 
each of the frames are compared with the reference values obtained by pushover analysis. 
As residual seismic capacity of structures are defined based on the energy dissipation, 
weighting coefficient of each element thus are considered as their cyclic energy 
dissipation. Based on definition of the equivalent viscous damping ratio, cyclic energy 
dissipation of flexural elements can be evaluated by Equation (3.83) based on the 
pushover analysis results and for the shear elements the cyclic energy dissipation can be 
evaluated as  
 4 2Si eSi i i i iE W h Q h       , (3.87) 
where,  
ESi: cyclic energy dissipation of shear element i; 
WeSi: maximum potential energy of shear element i; 
hi: equivalent viscous damping ratio by Equation (3.5), in which βh = 0.05; 
Qi: shear force of element i; 
δi: shear deformation of element i. 
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Proportion of the total weighting coefficient for the shear elements which is 
calculated as  
 ES Si Si Fi
i i i
P E E E    
   .  (3.88) 
In the internal work based method, based on Equation (3.75) the proportion should be 
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Which can be also considered as the proportion of shear elements’ cyclic energy 
dissipation evaluated by the internal work based method. 
From Equation (3.85) and Equation (3.86), for the current standard method based 
on global and story collapse mechanism, proportion of the shear elements’ total weighting 
coefficient can be calculated as 
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The proportions for each of the frames in the internal work based method, that is the 
proportions of cyclic energy dissipated by the shear elements, are compared with the 
reference value evaluated by Equation (3.88) in Fig. 3 - 56, from which it can be seen 
that by utilizing different values of the correction factors, βF and βS, the proportion of 
shear elements’ weighting coefficients changes greatly. By utilizing βF and βS 
corresponding to flexure dominant failure mode, because deformation and damping 
capacity of the flexural elements are far beyond those of the shear ones, the proportions 
tend to be quite low. That means when the structures are considered to be dominated by 
flexural failure mode and their safety limits are expected to be at the flexural element 
ultimate points, at that time compared with the flexural elements, cyclic energy 
dissipation of the shear elements are quite small. 
For the shear dominant frames, by utilizing the correction factors, βF and βS, 
corresponding to shear dominant failure mode, the proportions estimated by the internal 
work based method are at the same level with the reference values. Meanwhile for the 
flexure dominant frames, by utilizing the βF and βS corresponding to flexure dominant 
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failure mode, the internal work based method also gives estimation in good accuracy for 
the proportions. On the other hand, if the dominant failure mode considered in the internal 
work based method is different from that judged by the response spectrum based method, 
the proportion of shear elements’ weighting coefficients will be significantly 
underestimated for the shear dominant frames. As seismic capacity reduction factors of 
the shear elements are relatively lower compared with the flexural ones, with 
underestimated weighting coefficients, R of the shear dominant frames become higher 
than the reference values as shown in Fig. 3 - 53 (a). For the flexure dominant frames, if 
their dominant failure modes are judged incorrectly to be shear failure mode, the shear 
elements’ weighting coefficients will be largely overestimated and as the shear elements 
have relatively lower seismic capacity reduction factors, R of the flexure dominant frames 
are calculated to be much lower than the reference values (Fig. 3 - 54).  
 
 
Fig. 3 - 56 Shear Element Energy Dissipation Proportions for Internal Work and 
Response Spectrum Methods. 
 
The proportions of shear elements’ weighting coefficients are compared between the 
internal work based method and the current standard method in Fig. 3 - 57. For the shear 
dominate frames, it can be found that the proportions in both the internal work base 
method and the current standard method estimates the proportions at the same level with 
the reference values. On the other hand, for the flexure dominate frames, weighting 
coefficients of the shear elements are significantly overestimated by the current standard 
method, no matter it is based on global collapse mechanism or story collapse mechanism.  
In Equation (3.88), the weighting coefficients of flexural and shear elements are 
evaluated based on strength, deformation and damping capacity of each element. In 
Equation (3.89), for the internal work based method, besides strength of each element, 
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the influence of their deformation and damping capacity on the weighting coefficients are 
considered by the correction factors, βF and βS, as mentioned in 3.3.2. In Equation (3.90) 
and Equation (3.91), for the current standard method, weighting coefficient of each 
element are considered only from their strength.  
 
 
Fig. 3 - 57 Shear element energy dissipation proportions for internal work, 
response spectrum and current methods. 
 
For the shear dominant frames, until their safety limit at the shear element ultimate 
point, deformation and damping capacity of the flexural elements are still small and close 
to the poor deformation and damping capacity of the shear elements. Thus influence from 
the deformation and damping capacity of elements with different failure modes are not 
significant. For this reason estimation of shear elements’ weighting coefficients in both 
the internal work based method and the current standard method are at the same level 
with the reference values. On the other hand, for the flexure dominant frames, until their 
safety limit at the flexural element ultimate point, deformation and damping capacity of 
the flexural elements is far beyond those of the shear ones, which results in much larger 
cyclic energy dissipation of the flexural elements. The influence from deformation and 
damping capacity on the cyclic energy dissipation, which is weighting coefficient of each 
element is considered in the internal work based method by the correction factors, βF and 
βS, that is why the internal work based method gives better estimation on the reference 
values. The current standard method cannot take the influence from deformation and 
damping capacity into consideration, for which the shear elements’ weighting coefficients 
are overestimated. 
Through the above analysis, it can be concluded that by including the influence from 
deformation and damping capacity on the elements’ weighting coefficients with the 
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correction factors, βF and βS, Weighting coefficients for shear and flexural elements are 
evaluated more appropriately by the internal work based method, for which the internal 
work based method can give more effective estimation on the reference values of R. On 
the other hand, the current standard method overestimates weighting coefficients of the 
shear elements for the flexure dominant frames by ignoring the influence from 
deformation and damping capacity, which results in worse estimation accuracy. 
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3.8 Summary 
In this chapter, the simplified method for the residual seismic capacity (R) was 
proposed and verified, based on internal work of structure. The major findings in this 
chapter can be summarized as below. 
 
1) As a practical scheme on the actual earthquake-damaged site, the simplified evaluation 
method is proposed.  
- In the method, the deterioration in strength, deformation and damping capacity were 
taken into account by means of each seismic performance reduction factor. 
- In the method, correction factors of elements’ weighting coefficients were determined 
in order to consider the influence from various element deformations (βL, βD) and 
different element failure modes (βS, βF). 
 
2) Estimation accuracy of the proposed internal work based method was verified by 
comparing its results with the reference values given by the response spectrum based 
method, as well as those of the current standard method. 
- In the current standard method, which does not consider the effect of various element 
deformations, is likely to overestimate the value of R calculated by response spectrum 
based method. Also, in the method, the values of R were found to be highly 
underestimated when considers the different element failure modes. 
- On the other hand, in the proposed internal work based method, the effects by various 
element deformations and different element failure modes were taken into account. 
Therefore, the values of R agreed well with those by response spectrum based method. 
 
3)To judge the structural dominant failure mode without pushover analysis, the simplified 
method for estimating the judgement index, Md, was proposed.  
- The ratios of strength at shear and flexural element ultimate points on the capacity 
spectrum, as well as those ratios for deformation, equivalent period and damping, were 
employed in order to induce the simplified equation.   
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Chapter 4 
Application of Proposed Methods on Real Damaged Buildings 
 
 
4.1 Outline of application 
In the second and third chapters, this paper proposes two methods on evaluating the 
residual seismic capacity of earthquake damaged RC buildings, i.e.: a more detailed 
evaluation based on response spectrum and a relatively brief evaluation based on internal 
work. At the meantime, further discussion on the accuracy and influential factors of these 
two methods is also conducted in the previous chapters. This chapter will focus on testing 
the adaptability of the previously proposed methods on real damaged buildings’ residual 
seismic capacity evaluation. 
As shown in Fig. 4 - 1, Aimed at the real damaged buildings, their residual seismic 
capacity are evaluated by using the proposed response spectrum based method and 
internal work based method, as well as the current standard method. The evaluation result 
based on the relatively more detail and accurate response spectrum based method is taken 
as the reference values, and the accuracy of the current standard method and the proposed 
internal work based method is verified by comparing with the reference values. Through 
the comparison, the internal work based method, which is proposed as a simplified 
method aimed at post-earthquake investigations, is shown to be more effective than the 
current standard method. 
The reason is that: the internal work based method, through taking into consideration 
the various effects caused by different deformation and failure mode of structural 
elements in their weighing coefficients, demonstrates a better accuracy in evaluating a 
structural element’s weighing coefficient than current standard method. 
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Fig. 4 - 1 Outline of application to real damaged buildings 
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4.2 Evaluation methods 
The following is a brief introduction on three methods of evaluating residual seismic 
capacity of target damaged building, i.e.: the proposed response spectrum based method, 
the proposed internal work based method and the current standard method. 
4.2.1 Response spectrum based method 
Flow of the evaluation method presented in Chapter 2 as a detailed evaluation method 
is shown in Fig. 4 - 2, and the residual seismic capacity ratio, R, is calculated by using 
Equation (4.1) ~ Equation (4.6) 
 
 
Fig. 4 - 2 Response spectrum based method for calculating R 
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  (4.2) 
where,  
R: residual seismic capacity ratio 
αS: maximum SCI among shear element ultimate points on intact capacity 
spectrum, which can be obtained by Equation (4.3) 
DαS: maximum SCI among shear element ultimate points on damaged  
capacity spectrum, which can be obtained by Equation (4.4) 
αF: SCI at 1st flexural element ultimate point on intact capacity spectrum, 
which can be obtained by Equation (4.5) 
DαF: SCI at 1st flexural element ultimate point on damaged capacity spectrum, 
which can be obtained by Equation (4.6) 
 =max aSiS
aeSi hSi
S
S F
    
 (4.3) 
 =max D aSiD S
D aeSi D hSi
S
S F
    
, (4.4) 
 ,first
,first ,first
= aFF
aeF hF
S
S F


  (4.5) 
 ,first
,first ,first
= D aFD F
D aeF D hF
S
S F


  (4.6) 
where,  
SaSi: spectral acceleration at shear element ultimate point Si on intact capacity 
spectrum (gal) 
SaeSi: acceleration on design response spectrum corresponding to equivalent 
period at shear element ultimate point Si on intact capacity spectrum (gal) 
DSaSi: spectral acceleration at shear element ultimate point Si on damaged capacity 
spectrum (gal) 
DSaeSi: acceleration on design response spectrum corresponding to equivalent 
period at shear element ultimate point Si on damaged capacity spectrum 
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(gal) 
SaF, first: spectral acceleration at first flexural element ultimate point Ffirst on intact 
capacity spectrum (gal) 
SaeF, first: acceleration on design response spectrum corresponding to equivalent 
period at first flexural element ultimate point Ffirst on intact capacity 
spectrum (gal) 
DSaF, first: spectral acceleration at first flexural element ultimate point Ffirst on 
damaged capacity spectrum (gal) 
DSaeF, first: acceleration on design response spectrum corresponding to equivalent 
period at first flexural element ultimate point Ffirst on damaged capacity 
spectrum (gal) 
 
In this process, elements in different target damaged structure should be divided into 
2 groups based ont their failure modes: flexural elements and shear elements. At present 
post-earthquake investigation, normally, failure mode is determined based on element’s 
damage state. As shown in Fig. 4 - 3, some typical damage patterns, such as lateral 
flexural cracks and concrete spalling generated at ends of the element, are used to 
determing certain element’s flexural failure mode. Likewise, other typical damage 
patterns, such as diagonal shear cracks and concrete spalling developing along the shear 
cracks, are used to determing certain element’s shear failure mode. More description of 
damage state under different failure mode can be found in Table 2-1 in 2.2. However, 
different damaged pattern will appear together in real life. If the damage level of certain 
element is low, it is difficult to determine which failure mode this element will develop 
into. Therefore, except for observed damage state, this paper goes a step further and 
adopts ultimate lateral forece to determine certain element’s failure mode. The reference 
[1] makes a comparison between the lateral force of an element reaching ultimate bending 
moment (QFu) and the ultimate shear force of this element (QSu). When QSu is bigger than 
QFu, it is believed that an element will not display shear failure when reaching flexural 
ultimate state. Therefore, this element is a flexural element.When QSu is smaller than QFu, 
it is believed that an element will display shear failure before reaching flexural ultimate 
state. Therefore, this element is a shear element. 
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Fig. 4 - 3 Typical damage patterns for flexural and shear elements 
 
When it reaches the ultimate bending moment, A column’s lateral force can be 
calculated using Equation (4.7). The ultimate bending moment and ultimate shear force 
of a column can be calculated using corresponding equations in Appendix 1 
 
0
2 C u
C Fu
MQ
h
   (4.7) 
where,  
CQFu: lateral force when column reaches its ultimate bending moment (N) 
CMu: ultimate bending moment of column (N·m) 
h0: clear span of column (mm) 
 
When it reaches the ultimate bending moment, the lateral force of a column with 
wing wall can be calculated using Equation (4.8). The ultimate bending moment and 
ultimate shear force of a column with wing wall can be calculated based on corresponding 
equations in Appendix 1 
 
0
CW u
CW Fu
CW
MQ
h
   (4.8) 
where,  
CWQFu: lateral force when column with wing wall reaches its ultimate bending 
moment (N) 
CWMu: ultimate bending moment of column (N·m) 
CWh0: height of contraflexure point (mm), calculated by according to Appendix 1. 
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When it reaches the ultimate bending moment, the lateral force of a beam can be 
calculated using Equation (4.9). The ultimate bending moment and ultimate shear force 
of a beam can be calculated based on corresponding equations in Appendix 1 
 
0
2 B u
B Fu
B
MQ
h
   (4.9) 
where,  
BQFu: lateral force when beam reaches its ultimate bending moment (N) 
BMu: ultimate bending moment of beam (N·m) 
Bh0: clear span of beam (mm) 
 
As previously stated, when adopting proposed response spectrum based method. 
Each element’s restoring force-deformation model should be set to establish the 
structureal model of target building before and after the earthquake. 
As stated in Chapter 2, restoring force-deformation relationship of an intact element 
is simulated using trilinear model, as shown in Fig. 4 - 4. 
In this condition, cracking bending moment for flexural elements (MFcr), and ultimate 
bending moment for flexural elements (MFu), as well as the cracking shear force for shear 
elements, and ultimate shear force for shear elements (QSu) can be calculated using the 
aforementioned equations in the Appendix 1 
Meanwhile, in order to reflect the real quality of a structural element as accurate as 
possible, the deformation of an elemnt is also specified based on the reference [1]. For 
shear elements, their yielding shear deformation, δSy, are all set as  
 
 1
250Sy
  ,  (4.10) 
On the other hand, a shear element’s ultimate shear deformation, δSu, is determined 
based on the restoring force-deformation relationship of a hypothetical element before it 
reaches flexural yielding 
Fig. 4 - 5 shows the trilinear lateral force-deformation relationship of shear elements 
in the flexural failure mode. For shear elements, when they reach flexural their flexural 
yielding (under this condition, the bending moment and ultimate bending moment are 
considered to be the same), their later force should be bigger than their ultimate shear 
force. In Fig. 4 - 5, when lateral force become equal to ultimate shear force, shear failure 
of the elements will happen. The deformation caused by ultimate shear force is the 
ultimate shear deformation of the shear elements (δSu). Equation (4.11) and Equation 
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(4.12) can be used to evaluate δSu as shown in geometrical relationship in the trilinear 
mode. 
 0.3 1 250
0.7
Su Fu
Su Fy
Q Q    , (4.11) 
 0Su Su h   , (4.12) 
where,  
θSu: rotation corresponding to ultimate shear deformation of shear element  
QSu: ultimate shear force (N) 
QFu: lateral force corresponding to ultimate bending moment (N) 
θFy: flexural yielding rotation, determined by Equation (4.13) 
δSu: ultimate shear deformation of shear element (mm) 
h0: clear span of element (mm) 
 
When θFy is 1/150, with the shift of QSu / QFu, the shift of the ratio of θSu to θSy (1/250), 
i.e., the ultimate plasticity coefficient of shear element, is shown in Fig 4-6 (a). We can 
see that, as the difference between QSu and QFu become smaller, i.e. the difference between 
the ultimate shear strength and the ultimate flexural strength of a shear element become 
smaller, deformation capacity of the shear element will grow larger. 
Also according to the reference [1], we can evaluate the flexural yielding rotation of 
an element based on its aspect ratio. When aspect ratio is small, the deformation behavior 
of an element becomes more and more like that of a wall, displaying small flexural 
yielding rotation. With the growing of aspect ratio, elements’ deformation behavior 
become to a standard columns, and its flexural yielding rotation will become larger. 
According to the experiment, after setting the value of the flexural yielding rotation of a 
standard wall and column to 1/250 and 1/150 respectively, we can use Equation (4.13) 
to approximately evaluate an element’s flexural yielding rotation, θFy, as shown in Fig. 4 
- 7. 
 
 
0
0
0
1 250, 3.0
linear interpolation, 2.0 3.0
1 150, 2.0
Fy
h D
h D
h D


  
 
  (4.13) 
where,  
θFy: flexural yielding rotation 
h0: clear span of element (mm) 
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D: height of element’s section (mm) 
 
For flexural element, its flexural yielding happens before its shear failure, i.e., its 
ultimate shear strength (QSu) is bigger than its ultimate flexural strength (QFu). Based on 
the extend to which QSu is bigger than QFu, the reference [1] gives the method of 
evaluating the ultimate rotation of a flexural element, as shown in Equation (4.14). With 
the growing of the difference between QSu and QFu, as shown in Fig. 4 - 6 (b), under the 
condition of θFy being 1/150, the ratio of θFu to θFy，i.e. ultimate plasticity coefficient of 
flexural element, will also grow, same goes with the deformation capacity of a flexural 
element. 
 10 1 30SuFu Fy Fy
Fu
Q q
Q
       
 
  (4.14) 
where,  
θFu: ultimate rotation of flexural element 
QSu: ultimate shear force (N) 
QFu: lateral force corresponding to ultimate bending moment (N) 
θFy: flexural yielding rotation 
q: parameter related to stirrup spacing, s, which is determined by Equation 
(4.15) 
 
 
1.0, 100mm
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s
q
s
  
  (4.15) 
 
  
Fig. 4 - 4 Tri-linear force-deformation model 
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Fig. 4 - 5 Deformation capacity of shear-controlled elements 
 
Fig. 4 - 6 Determination of ultimate rotation capacities based on QSu/QFu ratio 
 
 
Fig. 4 - 7 Determination of flexural yielding rotation 
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Through specifying the strength and deformation of flexural elements and shear 
elements, and taking into consideration the dispersion caused by differences in sizes and 
reinforcement in real structural elements, we make the structural model adopted by 
response-spectrum-based method a better reflection of the quality of both real-life 
structural elements and structures themselves. At the meantime, for convenience’s sake, 
we set the yielding deformation and ultimate plasticity coefficient of an element to certain 
value in the proposed-internal-work-based method and measure the results. By comparing 
these results with the reference values given by response-spectrum-based method, we can, 
to some extent, check the influence of these set values on the evaluation accuracy of 
internal work based method. 
After we make sure the restoring force-deformation relationship of each element 
shown above in its intact state, we can establish intact element models and intact structural 
model. Then, as stated in 2.2.1(2), based on the failure mode and damage class of each 
element, we can use responding strength reduction factor (ηbS and ηbF) and deformation 
reduction factor (ηdS and ηdF) to reduce ultimate strength and ultimate deformation 
capacity, thus further work out damaged element models. These factors can be used to 
evaluate the SCI of damaged bulidings before and after the earthquake, thus further work 
out the residual seismic capacity ratio, R, of the target building. 
In order to evaluate the elements’ weighting coefficients more appropriately, and 
consequently evaluate the structural residual seismic capacity more accurately, this 
research proposes an internal work based method and aims to evaluate the influence of 
different element deformation and failure mode on the internal work of elements by using 
elements’ weighting coefficients correction factors in this method. Therefore, the 
following part will compare the weighting coefficients of elements in both the internal-
work-based method and current standard method. The physical sense of weighting 
coefficients here is the element’s hysteretic energy dissipation. By using the result of 
pushover analysis in the response-spectrum-based method, we can evaluate the hysteretic 
energy dissipation based on the definition of equivalent viscous damping ratio as follow: 
  4 2Fi eFi i iA iA iB iB iE W h M M h            (4.16) 
 4 2Si eSi i i i iE W h Q h         (4.17) 
 0
11i h
i
h h 

 
     
. (4.18) 
where,  
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EFi: hysteretic energy dissipation of flexural element i 
WeFi: potential energy stored by flexural element i 
MiA, MiB: bending moment at two ends of flexural element i 
θiA, θiB: rotation at two ends of flexural element i 
ESi: hysteretic energy dissipation of shear element i 
WeSi: potential energy stored by shear element i 
Qi: shear force of shear element i 
δi: shear deformation of shear element i 
hi: equivalent viscous damping ratio of flexural/shear element i 
h0: inherent damping ratio, which is considered to be 0.05 for RC structures 
βh: damping parameter depending on failure mode of element, in this study, 
βh is set to be 0.25 and 0.05 for flexural and shear elements respectively. 
·μi: plasticity coefficient of flexural/shear element i 
 
In every analytical step of a pushover analysis, we can output each elements’ strength, 
deformation and plasticity coefficient. Then, we can calculate an element’s Ei using 
Equation (4.16) ~ Equation(4.18). We first adopt the Ei of each element calculated in the 
analytical step when the structure reaches its safety limit state and use it as reference value 
of elements’ weighting coefficients. For the shear element that fails before the structure 
reaches safety limit state, we adopt the Ei when the shear elements reache their ultimate 
deformation.  
Through comparing the reference value of above mentioned weighting coefficients, 
we can evaluate the appropriateness of element weighting coefficients in internal-work-
based-method and current standard method. 
 
4.2.2 Internal work based method 
Considering the deteriorating of a structure’s energy consuming ability due to 
earthquake, Chapter 3 proposes the field-investigation-oriented internal-work-based 
evaluation method which can bypass numerical analysis. Its evaluating process is shown 
in Fig. 4 - 8.  
Based on various information of the damaged structures, the residual seismic 
capacity ratio, R, can be calculated by using Equation (4.19) and (4.20). 
 d S a dM        (4.19) 
where,  
Md: judgement index of dominant failure mode 
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γa: strength ratio; 
γd: displacement ratio;  
γS: period-damping ratio. 
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  (4.20) 
where,  
R: residual seismic capacity ratio 
Mui, j: ultimate bending moment of ith flexural element in story j 
Qui, j: ultimate shear force of ith shear element in story j 
ηWFi, j: seismic capacity reduction factor of ith flexural element in story j 
ηWSi, j: seismic capacity reduction factor of ith shear element in story j 
βLi, j: correction factor considering clear span of ith element in story j 
βDj: correction factor considering story drift distribution of story j 
βF: correction factor for flexural elements 
βS: correction factor for shear elements 
 
As to the weighting coefficients of each elements: in the internal-work-based method, 
as presented in 3.3.2, based on the capacity spectrum acquired after a structure is 
converted into SDOF, we can approximately evaluate the proportional among the strength, 
deformation capacity and damping of flexural and shear elements. Then, we can go a step 
further to briefly evaluate the hysteretic energy dissipation of both the flexural element 
and shear elements, i.e., the proportional relationship. To conclude, the weighting 
coefficient of each flexural element and shear element can be described as follows: 
 ,Fi F Li j Dj uiE M        (4.21) 
 , 0Si S Li j Dj ui iE Q h         (4.22) 
where,  
EFi: weighting coefficient of flexural element i  
ESi: weighting coefficient of shear element i  
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Fig. 4 - 8 Field-investigation-oriented evaluation method for calculating R 
 
4.2.3 Current standard method 
In the current standard method, the residual seismic capacity of aseismic damaged 
buildings is evaluated based on its structural internal work. Like proposed internal work 
based method, it calculates structural residual seismic capacity ratio, R through measuring 
the weighted average of each element’s seismic capacity reduction factor. This process is 
described in Fig. 4 - 9. After collecting data on the material strength and reinforcement 
detail of an intact structure, we can calculate the ultimate bending moment, Mui, and shear 
force, Qui of each element. Under the condition where the above-mentioned design data 
cannot be acquired, the strength of each elements can be estimated and postulated. 
Meanwhile, field investigation on damaged structure should be conducted to determine 
the damage class and failure mode of each elements, as well as the structural collapse 
mechanism. Then, we use the damage class and failure mode of an element to work out 
its seismic capacity reduction factor, ηWFi and ηWSi , and use Equation (4.23) (for 
structures collapse in global collapse mechanism)和 Equation (4.24) (for structures 
collapse in story collapse mechanism) to calculate the residual seismic capacity ratio, R 
of the target building. If a structure is composed of both flexural and shear elements, when 
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we use Equation (4.23), we need to consider the bending moment MSui on both ends of a 
shear element when it reaches its ultimate shear force; when we use Equation (4.24), we 
need to consider the lateral force QFui of an flexural element when it reaches its ultimate 
bending moment. 
 
 
 
Fig. 4 - 9 Current standard method for calculating R 
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  (4.24) 
where,  
R: residual seismic capacity ratio 
MSui: bending moment corresponding to ultimate shear force of ith shear 
element 
MFui: ultimate bending moment of ith flexural element 
QSui: ultimate shear force of ith shear element 
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QFui: shear force corresponding to ultimate bending moment of ith flexural 
element 
ηWSi: seismic capacity reduction factor of ith shear element 
ηWFi: seismic capacity reduction factor of ith flexural element 
 
As to the weighting coefficient of each element, the current standard method only 
use the strength of an element as its weighting coefficients. For damaged structures with 
global collapse mechanism, when we use Equation(4.23), weighting coefficients of the 
flexural and shear element, EFi and ESi, equal to MFui and MSui respectively. For damaged 
structures with story collapse mechanism, when we use Equation (4.24)，EFi and ESi 
equal to QFui and QSui respetively. 
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4.3 Outline of target damaged buildings 
This paper investigate three real-life RC building damaged in Great East Japan 
Earthquake and a hypothetic damaged building model based on real-life building. These 
buildings have different damage levels, collapse mechanisms and dominant failure modes. 
This section gives an outline of these structures and damage condition of these four 
buildings. Data used in this research come from the field investigation data of this 
laboratory, previous research[3], and the seismic evaluation reports of the three buildings. 
 
4.3.1 Lecture building A 
Building A, a lecture building, is located in the Aobayama Campus of Northeastern 
University. Its location is shown in Fig. 4 - 10. This building was built in 1966 and was 
damaged in the Miyagi-Oki Earthquake in 2003. In the following seismic repair, some of 
the columns in the first floor were retrofitted using FRP retrofitting technology. In the 
2011 Great East Japan Earthquake, this building experienced severe seismic damage and 
has been demolished after the earthquake, 
 
 
Fig. 4 - 10 Location of Building A 
 
These photos (Photo 4 - 1, Photo 4 - 2), showing the panoramic view of this building, 
were shot after the Great East Japan Earthquake. Their shooting angles are displayed in 
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Fig. 4 - 10. Sizes of this builiding’s plans and elevation and names of the sections of each 
element are shown in Fig. 4 - 11 and Fig. 4 - 12. Building A is an overground two-story 
frame structure. In its long direction, this building measures 9 spans, in its short direction, 
1 span. The total floor area was 1008.32m2. The dimension and reinforcement detail of 
each section is shown in Table 4 - 1, Table 4 - 2 and Table 4 - 3, based on which the 
restoring force-deformation relationship of each element were determined and the intact 
structural model was established by setting the intact element models. The conmpressive 
strength of the concrete used in this building, FC, is 180N/mm2. The yielding strength of 
the longitude reinforcement (SD35) is 350 N/mm2. The yielding strength of the stirrup 
and lateral reinforcement (SR24) is 240 N/mm2. 
 
  
Photo 4 - 1 Photo 4 - 2 
 
As shown in Fig. 4 - 13, the failure mode of each element can be evaluated according 
to its damage class (Marks of elements and their damage class can be found in Table 4 - 
4). Description of shear element which reaches damage class V, as shown in Fig. 4 - 13, 
can be found in Photo 4 - 3, Photo 4 - 4 and Photo 4 - 5. These photos show diagonal 
shear cracks and concrete spalling along the shear cracks, which are considered to be 
typical shear damage pattern. The damage class and failure mode of columns at M-14 and 
M-17 at the first floor, due to seismic retrofitted by FRP, cannot be determined. 
From Fig. 4 - 13, damage concentrated to the first floor of the target building, so the 
collapsed mechanism was considered to be story collapse at the first story. Among 20 
vertical elements on the first floor, 16 of them were judged to have shear failure mode 
according to their damage state. Therefore, the dominant failure mode of the target 
building is considered to be shear. Since more structural walls are built in the short 
direction, this structure display higher stiffness and strength in this direction and, thus, 
less severe seismic damage level. This study, when evaluating residual seismic capacity, 
focuses on the long direction of the structure. 
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Through comparing lateral force when the columns reach their ultimate bending 
moment, QFu, with their ultimate shear force, QSu, we can determine the failure modes of 
the structural elements. The result can be found in Fig. 4 - 14. We can see that for elements 
in the first floor, when determine their failure modes, the results based on calculation and 
those based on damage state are basically the same. For elements on the second floor, 
when determine their failure modes, compared with results based on calculation, results 
based on damage state show that only a few elements are considered to be shear elements. 
The reason behind this may be that: because of the structure’s story collapse mechanism 
on the first floor, elements on the second floor suffer form less severe damage and 
deformation. Therefore, the damage pattern of the shear failure mode is not clear, hence 
the difference between results based on calculation and results based on damage state on 
the second floor. On the other hand, considering the fact that the structure has story 
collapse mechanism; its quality is determined by the collapsed first story. Thus, it is 
reasonable to postulate that damage done on the elements on the second floor show 
relatively smaller influence on its residual seismic capacity. When evaluating the two 
methods--proposed internal-work-based method (which bypass numerical analysis) and 
current standard method, we also focuses on the columns on the first floor. 
By following the rules shown in Fig. 4 - 3, we finally determine the failure modes of 
the elements as shown in Fig. 4 - 15. In this figure, for the two columns on the first floor 
which cannot be measured (M-14 and M-17), their failure modes are considered to be 
shear failure based on the result of calculation. As for their damage class, we use M-18, 
a nearby column on the first floor which shares the same section and clear span with M-
14 and M-17, as a reference and set their damage classes to Class IV.  
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Table 4 - 1 Details of Building A columns 
Section b (mm) 
D 
(mm) 
Longitude 
reinforcement 
Area ratio of longitude 
reinforcement ps (%) 
Area ratio of tensile longitude 
reinforcement pt (%) 
Stirrup 
reinforcement 
Area ratio of stirrup 
reinforcement pw (%) 
1C1 700 700 16-D25 1.60 0.50 2-9φ@300 0.06 
1C2 500 1750 20-D22 0.87 0.39 2-9φ@300 0.02 
1C3 500 1750 6-D25+14-D22 0.94 0.47 2-9φ@300 0.02 
2C1 700 675 14-D25 1.45 0.41 2-9φ@300 0.09 
2C2 500 1750 14-D22 0.62 0.27 2-9φ@300 0.02 
2C3 500 1725 6-D25+8-D22 0.69 0.35 2-9φ@300 0.02 
 
Table 4 - 2 Details of Building B beams 
Section b (mm) 
D 
(mm) 
Longitude 
reinforcement 
Area ratio of longitude reinforcement on top/bottom side 
ptop/pbottom (%) 
Stirrup 
reinforcement 
Area ratio of stirrup 
reinforcement pw (%) 
2G1 400 850 7-D25/7-D25 1.01/1.01 2-9φ@200 0.16 
2G2 400 850 7-D25/4-D25 1.01/0.58 2-9φ@200 0.16 
2G3 400 850 4-D25/4-D25 0.58/0.58 2-9φ@380 0.08 
2G4 400 850 5-D25/5-D25 0.72/0.72 2-9φ@300 0.11 
2G5 325 850 5-D25/3-D25 0.89/0.53 2-9φ@250 0.16 
2G6 325 850 5-D25/3-D25 0.89/0.53 2-9φ@250 0.16 
2G7 350 850 3-D25/3-D25 0.49/0.49 2-9φ@350 0.10 
RG1 400 850 5-D25/3-D25 0.72/0.43 2-9φ@200 0.16 
RG2 400 850 4-D25/4-D25 0.58/0.58 2-9φ@200 0.16 
RG3 400 850 4-D25/4-D25 0.58/0.58 2-9φ@300 0.11 
RG4 325 850 3-D22/3-D22 0.41/0.41 2-9φ@250 0.16 
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Table 4 - 3 Details of Building A walls 
Section t (mm) Lateral reinforcement Area ratio of lateral reinforcement ph (%) 
W18 180 2-9φ@200 0.35 
 
Table 4 - 4 Damage class and failure mode legend – Building A 
Mark Meaning Mark Meaning 
 Flexural column I, II, III, IV, V Damage class of column 
 Shear column I, II, III, IV, V Damage class of beam 
 Unidentified N/N Unidentified 
 Beam   
 
 
(a)  
Fig. 4 - 11 Plan view of Building A 
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(b)  
 
 
(c) 
Fig. 4 - 11 (continued)  
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(a)  
 
 
(b) 
Fig. 4 - 12 Elevation view of Building A  
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(a)  
 
 
(b)  
Fig. 4 - 13 Damage class and failure mode of Building A elements based on observations 
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Photo 4 - 3 Photo 4 - 4 Photo 4 - 5 
 
  
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
4-26 
 
 
 
(a) 
 
 
(b)  
Fig. 4 - 14 Failure mode of Building A elements based on calculations  
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(a) 
 
 
(b) 
Fig. 4 - 15 Final damage class and failure mode of Building A elements 
0
III IIIIII
IV II
IV
II IV V
IV III
II III
II V
V II
IV
II
II
II
I
II
II
II
I
I
I
I
I
I
II
I
I
I
I
L
M
13 14 15 16 17 18 19 20 21 22
I
I II0
II I
I
II II
II
II
0 I
I I
0 II
III II
N
I
N
I
I
N
0
N
I
N
I
N
I
II
N
0
N
0
L
M
13 14 15 16 17 18 19 20 21 22
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
4-28 
 
4.3.2 Research building B 
Builidng B is also located in the Aobayama Campus of Tohuku University. It is an 
research building made with reinforced concrete and is just next to the Building A. This 
buiding was built in 1966. It experienced the 1978 Miyagi Oki earthquake and 2005 Iwate 
Miyagi Nairiku Earthquake. In 1996, seismic retrofitting was conducted on it. After that, 
it was damaged in the 2011 Great East Japan Earthquake. Its coupling beams were 
severely damaged. A damage evaluation was conducted based on current standard method. 
Considering the fact that seismic retrofitting on coupling beams can only achieve limited 
effect, Builidng B was torn down in 2012. 
 
 
Fig. 4 - 16 Location of Building B 
 
Photo 4 - 6, Photo 4 - 7 are panoramic photos shot after the Great East Japan 
Earthquake. Shooting angles are illustrated in Fig. 4 - 16. The sizes of the chosen plane 
frame’s elevation, as well as names of each element’s section are shown in Fig. 4 - 17. 
Building B is an overground structure with relatively more structural walls. It measures 7 
spans in its long direction, 3 spans in the short direction. The total floor area was 9,219m2. 
The dimension and reinforcement detail of each element’s section is shown in Table 4 - 
5, Table 4 - 6 and Table 4 - 7, based on which the intact structural model was established 
by setting the intact element models. The compressive strength of the concrete used in 
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this building, FC, is 180N/mm2. The yielding strength of the longitude reinforcement 
(SD35) is 350 N/mm2. The yielding strength of the stirrup and lateral reinforcement 
(SR24) is 240 N/mm2. 
 
 
Photo 4 - 6 Photo 4 - 7 
 
The failure mode of each element, determined based on damage state, are shown in 
Fig. 4 - 18. Denotations of different elements and damage classes are shown in Table 4 - 
9. As we can see in the figure, the coupling beam displays severe shear damage. A typical 
damage state of observed at the shear failed coupling beams is shown in Photo 4 - 8. This 
kind of shear failure is thought to be caused by wing walls. The existence of wing walls 
shortens the clear span of the coupling beams. While augmenting their ultimate flexural 
strength, wing walls lower their ultimate shear strength as well, resulting in an easier 
appearance of coupling beams’ shear failure. On the other hand, the existence of opening 
further lowers the real shear strength of coupling beams. This study aims to compare and 
thus comment the evaluating results of proposed residual-seismic capacity-evaluation 
method and current standard method. The influence of opening on elements’ shear 
strength does not belong to the discussion of this research. Considering the complexity of 
this research, when evaluating the residual seismic capacity of Building B’s plane frame, 
the influence of opening on coupling beams’ ultimate shear strength is not taken into 
consideration. 
Many structural walls, which penetrate vertically the whole structure, are built in 
this building. Meanwhile, damages are concentrated on coupling beams among structural 
walls. Therefore, continuous structural walls were considered to display flexural 
deformation as a whole; the collapse mechanism was considered to be global collapse 
mechanism. One of the plane frame composed by columns, beams and wing walls was 
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picked out and evaluated in this study. Among 24 beams, typical damage patterns of shear 
failure mode were only observed at 5 of them. Therefore, the dominant failure mode of 
the Building B is considered to be flexure. 
Failure modes, determined by comparing the ultimate flexural strength (QFu) and 
ultimate shear strength (QSu) of each element, are shown in Fig. 4 - 19. The failure mode 
of all coupling beams, determined based on calculation, are all shear failure mode. Since 
the damages on the coupling beams on 1F, 8F and 9F, in field investigation, it is difficult 
to determine their failure mode based on damage state. In other plane frame of this 
building, the distribution of damage level of the coupling beams also dispalys similar 
tendency. In general, damages on coupling beams on 2F are relatively less severe. This 
may due to the fact that more structural walls are built in the first and second floor in 
other plane frames. This makes the first and second floor of the structure, as a whole, 
show bigger stiffness and smaller deformation. Meanwhile, the coupling beams on the 
second floor do not show openings.This may increase their strength and deformation 
capacity. However, according to the calculation, with the increase of deformation, 
coupling beams are believed to show shear failure. At the same time, coupling beams on 
the 8F and RF display relative smaller damage in each plane frame. This is because the 
seismic response near the top of the structure are relatively small. However, according to 
calculation, these coupling beams will also display shear failure mode. Though these 
coupling beams adopts carbon fiber reinforcement to avoid shear failure. However, 
previous research[4] (Nagaya et al., 2013) points out that these carbon fiber are not 
sufficiently anchored. Therefore, doubts still exist on whether they can change the failure 
mode of the coupling beams. Meanwhile, we also observe that carbon fibers of the 
coupling beam are peeled off on the 7F. Coupling beams also display damage patterns of 
shear failure mode. Therefore, the failure mode of the coupling beams on the 8F and RF 
are considered to be shear in this study. 
.
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Table 4 - 5 Details of Building B columns 
Section b (mm) 
D 
(mm) 
Longitude 
reinforcement 
Area ratio of longitude 
reinforcement ps (%) 
Area ratio of tensile longitude 
reinforcement pt (%) 
Stirrup 
reinforcement 
Area ratio of stirrup 
reinforcement pw (%) 
CA1 900 1000 5-D25/5-D25 0.87 0.27 2-9φ@150 0.09 
CA2 900 1000 5-D25/5-D25 0.87 0.27 2-9φ@150 0.09 
CA3 900 800 5-D25/5-D25 1.09 0.34 2-9φ@150 0.09 
CA4 900 800 5-D25/5-D25 1.09 0.34 2-9φ@150 0.09 
CA5 700 800 4-D25/4-D25 1.05 0.35 2-9φ@150 0.12 
CA6 700 800 4-D25/4-D25 1.05 0.35 2-9φ@150 0.12 
CA7 600 800 4-D25/4-D25 1.23 0.41 2-9φ@150 0.12 
CA8 600 800 4-D25/4-D25 1.23 0.41 2-9φ@150 0.12 
CB1 1000 1000 6-D25/6-D25 0.98 0.29 2-9φ@150 0.08 
CB2 1000 1000 6-D25/6-D25 0.98 0.29 2-9φ@150 0.08 
CB3 1000 800 5-D25/5-D25 0.98 0.31 2-9φ@150 0.08 
CB4 1000 800 5-D25/5-D25 0.98 0.31 2-9φ@150 0.08 
CB5 800 800 4-D25/4-D25 0.92 0.31 2-9φ@150 0.11 
CB6 800 800 4-D25/4-D25 0.92 0.31 2-9φ@150 0.11 
CB7 700 800 4-D25/4-D25 1.05 0.35 2-9φ@150 0.12 
CB8 700 800 4-D25/4-D25 1.05 0.35 2-9φ@150 0.12 
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Table 4 - 6 Details of Building B beams 
Section b (mm) 
D 
(mm) 
Longitude 
reinforcement 
Area ratio of longitude reinforcement on top/bottom side 
ptop/pbottom (%) 
Stirrup 
reinforcement 
Area ratio of stirrup 
reinforcement pw (%) 
GA2 450 1200 8-D25/5-D25 0.73/0.45 4-13φ@200 0.59 
GA3 450 1100 7-D25/5-D25 0.69/0.50 4-13φ@200 0.59 
GA4 400 1000 7-D25/4-D25 0.86/0.49 4-13φ@200 0.66 
GA5 400 1000 7-D25/4-D25 0.86/0.49 4-13φ@200 0.66 
GA6 400 1000 7-D25/5-D25 0.86/0.61 2-13φ@200 0.33 
GA7 400 1000 5-D25/3-D25 0.61/0.37 2-13φ@200 0.33 
GA8 350 1000 5-D22/3-D22 0.54/0.33 2-9φ@200 0.18 
GAR 350 1000 3-D22/2-D22 0.33/0.22 2-9φ@200 0.18 
GB2 450 1200 8-D25/4-D25 0.72/0.36 4-13φ@200 0.59 
GB3 450 1100 7-D25/4-D25 0.69/0.40 4-13φ@200 0.59 
GB4 400 1000 7-D25/4-D25 0.86/0.49 4-13φ@200 0.66 
GB5 400 1000 7-D25/4-D25 0.86/0.49 4-13φ@200 0.66 
GB6 400 1000 7-D25/3-D25 0.86/0.37 2-13φ@200 0.33 
GB7 400 1000 7-D25/2-D25 0.86/0.25 2-13φ@200 0.33 
GB8 350 1000 6-D22/2-D22 0.65/0.22 2-9φ@200 0.18 
GBR 350 1000 6-D22/2-D22 0.65/0.22 2-9φ@200 0.18 
 
Table 4 - 7 Details of Building B walls 
Section t (mm) Lateral reinforcement Area ratio of lateral reinforcement ph (%) 
W18 180 2-9φ@200 0.35 
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Fig. 4 - 17 Elevation view of Building B  
 
Table 4 - 8 Damage class and failure mode legend – Building B 
Mark Meaning Mark Meaning 
 Shear element I, II, III, IV, V Damage class of column 
 Flexural element I, II, III, IV, V Damage class of beam 
  I, II, III, IV, V Damage class of column with wing wall 
` 
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Fig. 4 - 18 Damage class and failure mode of Building B elements based on 
observations 
 
 
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
4-35 
 
Photo 4 - 8 
 
Fig. 4 - 19 Failure mode of Building B elements based on calculations 
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4.3.3 Classroom building C 
Builiding C is a classroom building made with reinforced concrete. It is located in 
Tsurugayahigashi Element School in Sendai, Japan. Its location is shown in Fig. 4 - 20. 
This building is built in 1974. Before the 2011 Great East Japan Earthquake, it passed the 
seimic evaluation. Therefore, seismic retrofitting was considered to be unnecessary for it. 
However, Building C was severely damaged in the earthquake. Another classroom 
building, which underwent seismic retrofitting before the earthquake, was lightly 
damaged in the following disaster. 
 
 
Fig. 4 - 20 Location of Building C 
 
  
Photo 4 - 9 Photo 4 - 10 
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Photo 4 - 6, Photo 4 - 7 are panoramic photos shot after the Great East Japan 
Earthquake. Shooting angles are illustrated in Fig. 4 - 16. The sizes of this building’s plan 
and elevation, as well as names of each element’s section are shown in Fig. 4 - 21 and 
Fig. 4 - 22. Building C is an overground three-story frame structure. It measures 19 spans 
in its long direction, 3 spans in the short direction. The total floor area was 3708m2. The 
dimension and reinforcement detail of each element’s section is shown in Table 4 - 9, 
Table 4 - 10 and Table 4 - 11, based on which t the intact element models were set and 
the intact structural model was established. The compressive strength of the concrete used 
in this building, FC, is 180N/mm2. The yielding strength of the longitude reinforcement 
(SD35) is 350 N/mm2. The yielding strength of the stirrup and lateral reinforcement 
(SR24) is 240 N/mm2. 
Failure mode, determined by each element’s damage state is shown in. Denotations 
of different elements and damage classes are shown in Table 4 - 9.The damage states of 
different columns with different damage classes and failure modes are shown in Photo 
4 - 11 ~ Photo 4 - 16. As we can see in these photos, all shear columns show typical shear 
damage pattern. However, flexural columns only suffer from light damage. The damage 
class and failure mode of few columns and wing wall are not identified. Besides, for most 
beams, because of the ceiling, their damage class and failure mode cannot be identified 
either. 
From Fig. 4 - 22, damage concentrated to the first floor, and the collapsed 
mechanism was considered to be story collapse at the first story. Therefore, only the 
vertical elements need to be considered in the proposed internal work based method and 
the current standard method. Among 71 vertical elements on the first floor, 20 of them 
were judged to have shear failure mode. The ration of the number of shear columns to the 
number of flexural columns is around 1:2. Based on this, it is difficult to determine the 
dominant failure mode of Building C. In the following evaluation, we will use the 
formerly proposed response-spectrum-based method and internal-work-based method to 
determine structural dominant failure mode through pushover analysis and simplified 
calculation respectively. 
After we determine the failure mode of each element based on its damage state, we 
can further work out and compare the ultimate flexural strength (QFu) and ultimate shear 
strength (QSu) of the element to determine the failure mode of the elements. The results 
can be found in Fig. 4 - 23. We can see that, for elements on the first floor, the evaluation 
results based on calculation and those based on damage state are basically the same. 
Column L-18，L-19 and L-20, have same failure mode—- flexural failure mode. However, 
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their damage states are shear failure, which has higher damage class. Following the 
procedure shown in Fig. 4 - 3, we finally decide to determine the damage class and failure 
mode of these 3 columns based on their damage states. Columns with minor damages, 
like L-12，L-15 and L-2 do not show cler shear damage pattern in their real damage state. 
Therefore, they are considered to be flexural columns. However, according to calculation, 
for these elements, shear failure will happen before they reach their flexural yielding. And, 
finally, they will display shear failure mode. Therefore, the failure mode of these columns 
are identified as shear. Likewise, because deformation and damage of elements are 
concentrated on the first story, elements on the second and third floor suffer from 
relatively slight damage, which results in a difference in two evaluation methods: Some 
columns are considered to have a shear failure mode according to calculation. But same 
columns are considered to be flexural columns according to their damage states. Under 
this condition, the failure mode of column like this is determined to be shear according to 
calculation. Meanwhile, when using previously proposed response spectrum based 
method, we need to notice that: for structure with story collapse mechanism, its quality 
depends mainly on the collapsed first story; damages on elements on the second and third 
floor only exert limited influence on structure’s residual seismic capacity. When using 
previously proposed internal-work-based method and current standard method (both of 
these 2 methods do not need numerical analysis), we only consider element on the first 
floor. 
According to the criterion of judgement shown in Fig. 4 - 3, failure modes of all the 
elements can be found in Fig. 4 - 24. In Fig. 4 - 24, for wing wall whose damage class 
are not identified, we use the damage class of the connected column as its damage class. 
For a column with wing wall, when the column and the wing wall have different damage 
classes, we choose the bigger one as the damage class of the column and the wing wall 
as a whole. For columns whose damage class cannot be identified, we substitute its 
damage class for the damage class of nearby columns with same section and clear span. 
For most beams with unidentified damage class, since this structure has story collapse 
mechanism, damage will appears mainly on columns. For the few beams on each floor 
whose damage class have already been identified, their damage classes are either 0 or I. 
Therefore, in Fig. 4 - 24, we set the damage class of these beams to Class I. 
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Table 4 - 9 Details of Building C columns 
Section b (mm) 
D 
(mm) 
Longitude 
reinforcement 
Area ratio of longitude 
reinforcement ps (%) 
Area ratio of tensile longitude 
reinforcement pt (%) 
Stirrup 
reinforcement 
Area ratio of stirrup 
reinforcement pw (%) 
C1 500 600 4-D22+8-D19 1.28 0.45 4-9φ13φ@100 0.78 
C2 500 600 4-D22+8-D19 1.28 0.45 2-9φ@100 0.26 
C3 500 600 10-D25+4-D19 2.07 0.85 4-9φ13φ@100 0.78 
C4 500 600 10-D25+4-D19 2.07 0.85 2-13φ@100 0.53 
C5 500 600 4-D22+8-D19 1.28 0.45 2-13φ@100 0.53 
C6 500 600 6-D25+4-D19 1.40 0.60 2-13φ@100 0.53 
 
Table 4 - 10 Details of Building C beams 
Section b (mm) 
D 
(mm) 
Longitude 
reinforcement 
Area ratio of longitude reinforcement on top/bottom side 
ptop/pbottom (%) 
Stirrup 
reinforcement 
Area ratio of stirrup 
reinforcement pw (%) 
2G1 350 600 3-D22/3-D22 0.51/0.51 2-9φ@150 0.24 
3G1 350 600 3-D22/3-D22 0.51/0.51 2-9φ@150 0.24 
4G1 350 600 3-D20/3-D20 0.46/0.46 2-9φ@150 0.24 
2G2 300 800 4-D22/3-D19 0.60/0.32 4-9φ@150 0.56 
3G2 300 800 5-D19/3-D19 0.56/0.32 2-9φ@150 0.28 
4G2 300 800 4-D19/3-D19 0.44/0.32 2-9φ@150 0.28 
2G3 300 900 5-D20/5-D20 0.57/0.57 2-9φ@65 0.66 
3G3 300 900 5-D20/5-D20 0.57/0.57 2-9φ@100 0.43 
4G3 300 900 4-D20/4-D20 0.43/0.43 2-9φ@150 0.28 
2G4 300 850 5-D20/5-D20 0.61/0.61 2-9φ@65 0.66 
3G4 300 850 5-D20/5-D20 0.61/0.61 2-9φ@100 0.43 
4G4 300 850 4-D20/4-D20 0.46/0.46 2-9φ@150 0.28 
 
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
4-40 
 
Table 4 - 11 Details of Building C walls 
Section t (mm) Lateral reinforcement Area ratio of lateral reinforcement ph (%) 
W12 120 9φ@200 0.27 
W15 150 2-9φ@150 0.56 
 
Table 4 - 12 Damage class and failure mode legend – Building C 
Mark Meaning Mark Meaning 
 Flexural column I, II, III, IV, V Damage class of column 
 Shear column/wall I, II, III, IV, V Damage class of beam 
 Unidentified I, II, III, IV, V Damage class of wall 
 Beam N/N/N Unidentified 
 
 
(a) 
Fig. 4 - 21 Elevation view of Building C 
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(b) 
 
 
(c) 
Fig. 4 - 21 (continued) 
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(d) 
Fig. 4 - 21 (continued) 
 
 
(a) 
Fig. 4 - 22 Damage class and failure mode of Building C elements based on observations 
IV III IV IV I I II II II II II I I II II IIIVI VIII V II
I II
II
II
I
I
I I I
I V
I
I
IV
I
I
I
II
I
I
I
I
II
II
IV
II
II
III
II
II
III
II
II
III
II
I
III
I
I
I
I
I
I
II
I
II
I
I
I I
I
N N N
N N N N N N N N N
N N N N N N
N N N N N N
N N N N N N N N N N
N N N N
N N N NN N N N N N N N N
I I I I N N N 0 0
0 I I 0 N N N N N
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
K
L
J
I
Photo 4.13 Photo 4.14
Photo 4.15
Photo 4.11
Photo 4.12
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
4-43 
 
 
(b) 
 
 
(c) 
Fig. 4 - 22 (continued) 
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Photo 4 - 11 Photo 4 - 12 Photo 4 - 13 
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(a) 
 
 
(b) 
Fig. 4 - 23 Failure mode of Building C elements based on calculations 
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(c) 
Fig. 4 - 23 (continued) 
 
 
(a) 
Fig. 4 - 24 Final damage class and failure mode of Building C elements 
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(b) 
 
 
(c) 
Fig. 4 - 24 (continued) 
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4.3.4 Virtual classroom building D 
The previously mentioned Builidng C was built later than Lecture Builidng A and 
Research Building B. Its design follows the1971 Revised Version of Building Standard 
Law of Japan. In the new design, in order to prevent severe shear failre of columns in the 
earthquake, new stirrup reinforcement and other construction measures are used to 
reinforce the deformation capacity of the elements. As shown in Fig. 4 - 22, in the K-
frame of Building C, because of sill walls and spandrel walls, columns at axis 8 ~ 12, 16, 
17, 23 ~ 27 have shorter clear span, which resulting in an easier appearance of shear 
failure. This shear failure is the typical seismic damage on buildings like this classroom 
building which occurred during past earthquakes. Building C installs slits among sill 
walls, spandrel walls and columns to separate walls and columns. The locations of slits 
are shown in Fig. 4 - 21 (c). 
However, damage state in real situation shows that even in a K-frame with slits 
columns still suffer from shear failure (Photo 4 - 11, Photo 4 - 14)。 This is believed to 
be the result of an insufficiency the slits’ width. In a much bigger seismic response, 
columns and walls will contact at length. The walls stall the deformation of the columns, 
resulting in an overly short clear span for the columns and thus causing shear failure[5]，
as shown in Fig. 4 - 25 (a) 
In order to discuss the relationship between the proportion of shear elements among 
total elements, and the evaluation results and effectiveness of proposed internal-work-
based method and current standard method, this study hypothesizes that the function of 
slits in Building C are brought to full play. We name this hypothetic damaged building 
“Virtual classroom building D”. As shown in Fig. 4 - 25 (b), if we hypothesize that the 
slits do have enough width, evern when in huge response, columns will not contact with 
walls and spandre walls, then, they have enough clear span from the beginning to the end 
of the earthquake. With the growing of clear span, ultimate shear strength (QSu) will grow 
while ultimate flexural strength (QFu) will be come low. Finally, the flexural elements 
occurred before shear failure, the failure modes change from shear failure to flexural 
failure. 
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(a) 
 
(b) 
Fig. 4 - 25 Short column effect caused by Spandrel and Sill walls 
 
In Building C, slits only exist in K-frame. If we assume that all these slits have 
enough width, then, we use the calculation results to modify the distribution of the failure 
modes of the columns in Fig. 4 - 24. The result is Fig. 4 - 26. In Fig. 4 - 26, we see that 
the failure mode of all the columns with slits changes into flexural failure. In the 71 
vertical element on the first floor, the number of shear elements become 12. As to the 
damage classes of the elements, they also change with the growing of clear span and the 
change of failure mode. Therefore, in the virtual classroom building D, the failure mode 
of the columns are turned from shear failure to flexural failure. The damage classes of 
these columns are set to be the same with those of the columns in the nearby J-frame. In 
the J-frame, neighboring columns all have similar section dimension and clear span. The 
distribution of the damage classes of each elements in Building D is shown in Fig. 4 - 26. 
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(a) 
 
 
(b) 
Fig. 4 - 26 Damage class and failure mode for Virtual classroom building D elements 
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(c) 
Fig. 4 - 26 (continued) 
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4.4 Investigation on lecture building A 
In the following seciotn, we will adopt the previously proposed-response spectrum-
based method and internal-work-based method, as well as the current standard method, 
to evaluate the residual seismic capcity of the lecture building A. For the judgement index 
Md，of structural dominant failure, residual seismic capacity ratio R and the weighting 
coefficient Ei  of each shear and flexural element, we will evaluate the results of pushover 
analysis in response-spectrum-based method, and the estimated results of internal-work-
based method and current standard method, to investigate the estimation accuracy and 
effectiveness of these 2 simplified method 
 
4.4.1 Evaluation by response spectrum based method 
 
 
Fig. 4 - 27 Progressive capacity spectra curves as elements fail 
 
The proposed response-spectrum-based method utilizes pushover analysis and design 
response-spectrum to evaluate structural residual seismic capacity in detail. Its evaluation 
result is considered to have relatively higher accuracy and is used as reference value in 
this chapter.  
According to 4.2.1, to evaluation the residual seismic capacity ratio, firstly the 
dominant failure mode was determined by finding the performance curve of the intact 
structure. The restoring force-deformation model of each element is established based on 
method described in 4.2.1. Then, the intact structural model is further established using 
the restoring force-deformation model. In the process described in 2.3.1, when conducting 
pushover analysis, for the strength degradation caused by the failure of shear elements, 
we will consider it through substituting the elements which reach their ultimate 
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deformation for hinge elements. After repeating pushover analysis on renewed structure, 
we can get a series of Capacity spectra as shown in Fig. 4 - 27. The ends of these capacity 
spectra are shear element ultimate points and flexural element ultimate points. Using the 
SCI at these element ultimate points, we can determine the structural dominant failure 
mode using Equation (4.2). 
Since Equation (4.2) only considers the first flexural element ultimate point, the 
capacity spectra calculated by following procedures described in 2.3.1 end at the first 
flexural element ultimate point. In this Chapter, for real seismic damaged buildings, in 
order to investigate the process of strength degradation in a more comprehensive way, we 
will substitute elements which reaches their ultimate deformation for hinge elements. By 
doing this, we can investigate the approximate strength degradation caused by the failure 
of these elements. Therefore, in this chapter, the capacity spectra of the target damaged 
buildings have many flexural element ultimate points. The abovementioned process, 
where pushover analysis is repeated, will continue until the Sa of flexural element ultimate 
point falls to 80% of the first one’s Sa. In the figure, we use S and F to denote the ultimate 
points of shear element and flexural element. Their subscripts marks their places in the 
order in which these elements reach their ultimate deformation. 
The comparison between the order in which the elements in the pushover analysis 
reach their ultimate deformation and the damage class of these elements in real life can 
be seen in Fig. 4 - 28. As we can see, shear elements (S1, S2), which reach their ultimate 
deformation early, display higher damage class (III ~ V) in real situation; on the other 
hand, flexural elements (S5, S6), the last two elements that reach their ultimate 
deformation, display relatively slight damage class in real situation. The result of 
pushover analysis generally reflect the process in which the structure collapses. 
The calculation results of SCI, together with the saw-tooth capacity spectrum 
acquired through connecting each capacity spectrum in Fig. 4 - 27, are shown in Fig. 4 - 
29. αS in Equation (4.2) denotes the biggest SCI, 0.39 in all shear element ultimate points. 
As for the value of αF, we choose 0.15 at the first flexural ultimate point. Therefore, the 
judgement index, Md, of the dominant failure mode, can be calculated as follow: 
 
0.39 2.56 1
0.15
S
d
F
M 

       
The structure was then judged to be shear dominant structure. The safety limit is 
decided to be at the shear ultimate point corresponding to the αS, which means the SCI at 
safety limit of the structure is considered as the αS. 
As shown in Fig. 4 - 30, we can work out damaged capacity spectrum and SCI at 
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each element ultimate points by replacing the failed shear elements. This study believes 
that damaged structure shares the same dominant failure mode with intake structure. 
Therefore, this study adopts he largest SCI among the shear element ultimate points to be 
the DαS and calculate the R as ratio of DαS to αS·， 
 
0.26 0.59
0.39
D S
S
R 

   .  
According to [2], damage level of the target structure is decided to be around severe and 
moderate. This evaluation result proves that， for shear dominant structure，severe 
damages on shear elements will cause huge decrease on the structural residual seismic 
capacity. 
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(a) 
 
 
(b) 
Fig. 4 - 28 Progressive collapse sequence of building elements  
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Fig. 4 - 29 Total intact capacity spectrum and SCI curves 
 
 
Fig. 4 - 30 Total damaged capacity spectrum and SCI curves  
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Fig. 4 - 31 Failure mode performance point and boundary line 
 
4.4.2 Evaluation by internal work based method 
The proposed internal work based method can bypass numerical analysis and is 
considered as a simplified procedure for field investigation. According to 4.2.2, the 
structural information needed by this procedure is strength, sizes and damage class of the 
elements, as well as sizes and collapse mechanism of structures. For the lecture building 
A, structural collapse mechanism was considered to be story collapse at the first story 
according to the distribution of elements’ damage, as mentioned before. Therefore, in the 
proposed internal work based method, this research only considers columns on the first 
floor, and the correction factor, βDj, for different element deformation due to distribution 
of story drifts along the structural height, is 1 for all of the columns considered here.  
Ultimate shear force of the shear elements and ultimate bending moment of the 
flexural elements are determined, as well as their clear span, correction factor for the clear 
span, βLi, j, and their seismic capacity reduction factor, ηWSi, j, determined according to 
their damage classes. The storey height of the first floor of the target structure is 4020mm. 
Each βLi, j can be calculated based on the storey height and the clear span of the columns. 
When using the proposed internal based method to evaluate residual seismic capacity, 
in order to work out the correction factor for shear and flexural failure mode, βS and βF, it 
is needed to use the proposed simplified method to estimate the dominant failure mode 
judgement index Md and determined dominant failure mode of the target structure, under 
the condition that αS and αF, which can be calculated through pushover analysis, are 
unknown. As presented in 3.4.2, the strength ratio, γa, was be calculated as,  
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 0.5 4.60ui ia
ui
Q h
M
   

.  
The minimum clear span for flexural and shear elements are both 2200mm. The 
equivalent height at the shear element ultimate point was approximately estimated as, 
 
2 21 2 1.67
1 2eS
H  

.   
At this time, because the structure is becoming close to elastic state, it can be considered 
to possess a linear distribution of displacement along the height. The equivalent height at 
the flexural element ultimate point was approximately estimated as, 
 
2 21 1 1
1 1eF
H  

.  
At this time, the first story collapse mechanism has formed due to yielding of the 
columns. Based on this fact, it is believed that the displacement of the structure is 
concentrated on the first floor; displacement on the second floor can be neglected. 
Therefore, the displacement ratio, γd, was be calculated as, 
   
0
0
min
0.4 0.40
min
Si Si eS
d
Fi Fi eF
h h H
h h H
    .  
Meanwhile, the height of the structure measures 7.95m. We use seismic response 
spectrum of the second-type site, whose corner period TC is 0.864s. Then the period-
damping ratio, γh, can be calculated as,  
 
0.6 2.33
0.028
C
h
T
H
   .  
Based on the three factors (γa, γd, γS) determined above, the judgement index of 
structural dominant failure mode, Md, is estimated to be, 
 2.70d S a dM       
In the coordinate system shown in Fig. 4 - 31, where the value of γa are γd are 
represented respectively by the vertical and horizontal axis, curve Md =1 functions as the 
boundary line of the dominant failure mode. It separates the flexural dominant area from 
the shear dominant area. The position of the failure mode boundary line is decided by γS. 
Points with the γa and γd of a structure as its vertical and horizontal coordinates is the 
failure mode performance point. 
Using the capacity spectrum acquired by pushover analysis in the response spectrum 
based method, we can identify the shear element ultimate point and flexural element 
ultimate point where αS, and αF are, and use the Sa, Sd, T and Fh of this shear element 
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ultimate point and flexural element ultimate point to calculate the exact value of γa, γd and 
γS . Using these 3 values, we can make sure the exact position of the failure mode boundary 
line and performance point. Compared with estimation result acquired by using simplified 
method in the internal work based method, the simplified method shows better accuracy 
in γa, γd and γS. 
The low-rise lecture building A has short period and the failure mode boundary line 
is low, which means this structure is easy to be dominated by shear failure mode. 
Meanwhile, shear elements account for a large portion in the structure, which results in 
total strength of the shear elements is much higher than the flexure elements, and the 
strength ratio, γa, is large. After failure of the shear elements, the structure finally collapse 
in the first story collapse mechanism, which means the displacement until the flexural 
element ultimate point is small. As a result, the failure mode performance point has way 
crossed the boundary line and reaches the deep of shear dominant area. This demonstrates 
that the structure is a typical shear dominant structure. 
After we identify the dominant failure mode as shear failure, we can identify the 
correction factors for flexural and shear failure mode, i.e. βF and βS, as 0.5 and 1 
respectively. Taking into consideration the strength, clear span of each element and other 
correction factors related to element deformation and failure mode, the residual seismic 
capacity ratio R can be calculated as 
 
   
   
, , , , , 0 , ,
, ,
, , , , 0 ,
, ,
0.50
F Li j Dj ui j WFi j S Li j Dj ui j i j WSi j
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4.4.3 Evaluation by standard method 
Like proposed internal work based method, the current standard method, through 
computing the weighted average of the seismic capacity reduction factor of each element, 
evaluate the structural residual seismic capacity. According to 4.2.3, the weighted 
coefficient of each element only considers the strength of the element and cannot consider 
the influence of element deformation and failure mode. After we identify the collapse 
mechanism of the structure as first story collapse, residual seismic capacity ratio can be 
calculated using Equation (4.24) as 
0.47
Sui WSi Fui WFi
i i
Sui Fui
i i
Q Q
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Q Q
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4.4.4 Investigation on evaluation result 
The results of the above three methods are compared in Fig. 4 - 32. We can see that 
residual seismic capacity ratio acquired by using response spectrum based method is near 
60%. According to [2], the structural damage level is around severe and moderate. Using 
this as the reference value of the evaluation result, the estimation value acquired by using 
proposed internal work based method—in which numerical analysis is not needed—is 
23.7% lower than the reference value; the estimation value acquired by using the current 
standard method is 20.3% lower than the reference value. These two evaluation results 
all shows that the damage level is severe. The estimation accuracy of these two evaluation 
is close and are all conservative estimation for reference value. 
 
 
Fig. 4 - 32 Comparison of R results from the three evaluation methods 
 
As for the weighting coefficients of each element, for the columns considered in both 
the internal work based method and current standard method, we can work out the 
reference values of their weighting coefficients using Equation (4.16) and Equation 
(4.17). Then, we compare this reference values with the weighting coefficients used in 
the internal work based method—which is shown in Equation (4.21) and Equation (4.22)
—and the strength of each elements used in current standard method, as shown in Fig. 4 
- 33. At this time, each weighting coefficient is normalized in both the internal work based 
method and the current standard method to facilitate weighting coefficients’ comparison 
with the reference values. As we can see in the figure, for the lecture building A, in both 
the internal work based method and current standard method, the weighting coefficients 
of the elements considered are all very close to the reference values, i.e., the proportional 
relationship of the hysteretic energy dissipation of elements evaluated using pushover 
analysis. In the current standard method, the weighting coefficient of the flexural columns 
is slightly bigger. This is due to the fact that in the internal work based method, when a 
structure is dominated by shear failure, the safety limit is at the shear element ultimate 
point. At this time, considering the fact that flexural element may not yield. Therefore, 
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we multiply the strength of the flexural elements with 0.5 to work out correction factor 
(βF). The calculation results of elements’ weighting coefficients in both methods are 
basically the same, which explains why the evaluation of R in these two methods are close. 
Moreover，the current standard method only considers the strength of the elements, which 
tells us that when a structure is dominated by shear failure mode and reaches the safety 
limit at a small displacement, the influence from deformation and damping capacity of 
the elements on their weighting coefficients is not significant. The reason is that: when a 
structure reaches its shear element ultimate point, the deformation experienced by both 
flexural and shear elements is similar. At this time, since the deformation of the flexural 
elements is small, their equivalent viscous damping is also small and is close to the poor 
damping capacity of the shear elements. 
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(a) Current standard method 
 
(b) Internal work based method 
Fig. 4 - 33 Comparison of the elements weighting coefficient 
 
Fig. 4 - 34 shows the proportional relationship between the weighting coefficient of 
the flexural elements and that of the shear elements. The target structure—as a typical 
shear dominant structure, the weighting coefficient of its shear element account for 80% 
~ 90% of all the elements. Moreover，the estimation of the weighting coefficients of 
elements with different failure mode are very close to reference value, no matter this 
estimation is done by using internal work based method or current standard method.  
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Fig. 4 - 34 Comparison of element classification proportions between the methods 
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4.5 Investigation on research building B 
Following section focuses on the investigation on research building. 
 
4.5.1 Evaluation by response spectrum based method 
 
 
Fig. 4 - 35 Progressive capacity spectra curves as elements fail 
 
Firstly the dominant failure mode was determined by finding the performance curve 
of the intact structure. According to 4.2.1, set the restoring force-deformation model and 
establish the intact structural model of each element. By replacing the elements which 
reach their ultimate deformation with hinge elements, we keep renewing structural model 
and repeat pushover analysis to acquire a series of capacity spectra and responding 
element ultimate points as shown in Fig. 4 - 35 
In the pushover analysis, the relationship between the order in which each element 
reaches its ultimate deformation and its damage class in real situation is shown in Fig. 4 
- 36. Shear elements which reaches their ultimate deformation early (S1, S2, S3) have 
higher damage classes (III ~ IV) in real situation; flexural elements which reaches their 
ultimate deformation lastly have lower damage classes (0 ~ II) in real situation. The 
coupling beam on the second floor has a damage class of 0 in real situation, but reaches 
its ultimate deformation as mentioned in 4.3.2. This is probably because more structural 
walls are built on the first and second floor of other plane frames, which makes the first 
and second floor of the structure, on the whole, demonstrate bigger stiffness and smaller 
deformation. However, in the pushover analysis, only the model of the target plane frame 
is established; the influence of the structure’s distribution of stiffness cannot be reflected. 
However, in general, the result of the pushover analysis gives a general description of the 
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collapsing process of a real structure. 
 0.19 0.33 1
0.57
S
d
F
M 

    ,  
The structure was then judged to be flexure dominant structure. The safety limit is 
decided to be at the flexural ultimate point corresponding to the αF, which means the SCI 
at safety limit of the structure is considered as the αF. 
As described in 2.2.1, for each damaged flexural and shear element, the ultimate 
strength and deformation capacity of the restoring force-deformation model will be 
reduced according to the damage class of these damaged flexural and shear elements. 
Adopting the same failed-shear-elements-replacing method, we can work out the 
damaged capacity spectrum and the SCI at each element ultimate points, as shown in Fig. 
4 - 38. Damaged structure is considered to have the same dominant failure mode with the 
intact structure in this study. Therefore, we use the SCI at the first flexural element 
ultimate point to be the DαF and calculate the R as: 
 0.54 0.95
0.57
D F
F
R 

   .  
According to the reference [2] (JPDBA, 2015), damage level of the target structure is 
decided to be around minor and slight. This evaluation result illustrate that, for flexure 
dominant structure, even though shear elements are severely damaged, it is possible that 
the structure still maintains relatively high residual seismic capacity. 
Even though the plane frame investigated here was evaluated to be in minor or slight 
damage level, in real situation however, he target building was decided to be demolished 
after the earthquake. The reason is two-fold: for one thing, other frames in the structure 
have more structural walls. Some of them suffered more severe damage (damage class III 
or IV). Therefore, the residual seismic capacity of the structure as a whole may be much 
lower than that of the plane frame. Here, the structural walls built in the plane frame are 
relatively small. The plane frame is similar to typical frames composed of columns and 
beams. Therefore, plane frames here, when compared with other frames with more 
structural walls, shows stronger deformation capacity. Facing same level of displacement, 
the plane frame here will suffer from relatively slight damage. On the other hand, the 
target structure is composed of multistory structural walls and displays typical global 
collapse mechanism. Consequently, most of the coupling beams suffered severe damage. 
Considering the fact that retrofitting on the beams cannot achieve expected effects, finally 
the decision of demolishment was made by the engineers. 
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Fig. 4 - 36 Progressive collapse sequence of building elements 
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Fig. 4 - 37 Total intact capacity spectrum and SCI curves 
 
 
Fig. 4 - 38 Total damaged capacity spectrum and SCI curves 
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Fig. 4 - 39 Failure mode performance point and boundary line 
 
4.5.2 Evaluation by internal work based method 
According to 4.2.2, residual seismic capacity of the research building B was 
evaluated by internal work based method. The structural collapse mechanism was 
considered to be global collapse based on the existence of multistory structural walls and 
severe damage observed at the coupling beams. Therefore, in the proposed internal work 
based method, the correction factor, βDj, for different element deformation due to 
distribution of story drifts along the structural height, should be considered.  
About the correction factors for the clear span and story drift distribution, βLi, j of 
each element can be calculated using sizes of the structure listed in Fig. 4 - 17. βDj of each 
story of the structure can be calculated using size of the elements and height of the stories. 
Seismic capacity reduction factor, ηWSi, j, of each element are determined according to 
their damage classes.. 
The dominant failure mode of the target structure was determined by estimating the 
judgement index, Md, by the simplified method presented in 3.4.2, the strength ratio, γa, 
was be calculated as,  
 0.5 1.44ui ia
ui
Q h
M
   

.  
Among the flexural elements, the minimum ratio of element clear span to the 
corresponding story height or total span is 3100/4200 at the columns on the first floor. 
For shear elements, the value is 1800/6000 at the coupling beams. The collapse 
mechanism was global collapse, thus the equivalent height at the shear and flexural 
element ultimate points were both approximately estimated as, 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 0.2 0.4 0.6 0.8 1
a
d
0.160.16
1.44
1.30
0.68S 0.72S 
1dM  
1dM 
0.33dM 
0.33dM 
Flexure 
dominant
area
Shear 
dominant 
area
Estimation
Pushover
EstimationPushover
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
 
4-69 
 
 
2 2 2 2 2 2 2 21 2 3 4 5 6 7 8 5.67
1 2 3 4 5 6 7 8eS eF
H H         
      
.   
At this time, the distribution of displacement along the height is considered, 
hypothetically, to be even in each floor. Therefore, the displacement ratio, γd, was be 
calculated as, 
   
0
0
min
0.4 0.16
min
Si Si eS
d
Fi Fi eF
h h H
h h H
    .  
Meanwhile，the height of the structure is 27.10m. We use seismic response spectrum of 
the second-type site, whose corner period TC is 0.864s. Then the period-damping ratio, γS, 
can be calculated as,  
 0.6 0.68
0.028
C
S
T
H
   .  
Based on the three ratios (γa, γd, γS) determined above, the judgement index of 
structural dominant failure mode, Md, is estimated to be, 
 0.33d S a dM        
Fig. 4 - 39 shows a coordinate system where its vertical and its horizontal axis 
represent the value of γa and γd respectively. The estimation accuracy of γa, γd and γS can 
be tested through comparing the position of the failure mode boundary line and the 
performance point, which were determined by pushover analysis, and also estimated by 
the proposed simplified method. It can be observed that the simplified method shows a 
better accuracy in the calculation of γa, γd and γS.   
The middle-rise building B has a relatively long period, which result in a higher the 
failure mode boundary line. At the meantime, the number of the shear elements was 
limited and the total strength of shear elements is much lower than the flexural elements, 
which results in a low γa. The global collapse mechanism means after failure of the shear 
elements, the structure still had large displacement until it reaches the flexural element 
ultimate point, which means γd is also small. Finally, the failure mode performance point 
is much lower than the boundary line—it is located in the flexure dominant area. This 
demonstrates that the structure is a typical flexure dominant structure. 
After identifying the dominant failure mode as flexure failure, we can set the value 
of correction factors for flexural and shear failure mode, βF and βS to 1and 0.33γd. We have 
already known that the value of γd is 0.16. Therefore, the value of βS is 0.05. Residual 
seismic capacity ratio R can be calculated as 
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4.5.3 Evaluation by standard method 
The evaluation process and result of the current standard method are as follows: 
According to 4.2.3, for the weighted coefficient of each element, only the strength of the 
element is considered. The collapse mechanism of the structure is global collapse. The 
residual seismic capacity ratio can be calculated using Equation (4.23) as 
 0.84
Sui WSi Fui WFi
i i
Sui Fui
i i
M M
R
M M
   
 

 
 
  
 
4.5.4 Investigation on evaluation result 
The evaluation results of the above-mentioned three methods are compared in Fig. 4 
- 40. We can see that, based on the residual seismic capacity ratio acquired through using 
response spectrum based method, the damage level of the structure is classified into 
“minor or slight”, according to the reference [2]. This can be used as the reference value 
of other evaluation result. The estimation value acquired by using proposed internal work 
based method is 4.2% lower than the reference value. Its corresponding structural damage 
level is “minor”.The estimation value acquired by using current standard method is 11.6% 
lower than the reference value. Its corresponding structural damage level is “minor”, but 
close to the “moderate”. These two estimation results are all conservative estimation of 
the reference value, and the internal work based method has higher accuracy compared 
with the current standard method. 
 
 
Fig. 4 - 40 Comparison of evaluation results of R 
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Fig. 4 - 41 shows the proportional relationship between the weighting coefficient of 
flexural elements and that of shear elements. The target structure—a typical flexural 
dominant structure, the weighting coefficient of its flexural elements account for over 90% 
of all the elements. The estimation of the weighting coefficients of elements with different 
failure mode done by using internal work based method are very close to the reference 
value, for the estimation of the current standard method, the proportion of shear elements 
are 19.1% higher than the reference value.  
 
 
Fig. 4 - 41 Comparison of weighting coefficients between shear and flexural 
elements 
 
When applying the proposed response spectral method, we set the restoring force 
model of each member to create an analysis model before and after the damage of the 
target building. As explained in Chapter 2, the model of the undamaged member was 
expressed in the trilinear model.  Members Crack strength and ultimate strength were 
calculated based on the seismic diagnostic criteria in order to reflect the actual 
performance as adequately as possible, and the deformation was also determined in detail 
according to the diagnostic criteria. The yield deformation angle of the shear member was 
uniformly 1/250, and the ultimate deformation angle was decided based on the assumed 
restoring force before yielding. The yield deformation angle of the bending member was 
determined from the aspect ratio and the ultimate deformation angle was calculated from 
shear margin. By doing this, we have made it possible to vary the proof stress and 
deformability for each part. We also set the restoring force model after the damage by 
reducing the ultimate proof stress and deforming ability of the member with the reduction 
coefficient of the proof stress and deformation ability, depending on the damage degree 
of the damaged member. 
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4.6 Investigation on classroom building C 
The following secion is an investigation on classroom building C. 
 
4.6.1 Evaluation by response spectrum based method 
 
 
Fig. 4 - 42 Progressive capacity spectra curves as elements fail 
 
Firstly the performance curve of the intact structure and the dominant failure mode 
is determined. According to 4.2.1, restoring force-deformation model of each element are 
set; the intact structural model are established. By replacing the elements which reach 
their ultimate deformation with hinge elements, we keep renewing structural model and 
repeat pushover analysis to acquire a series of capacity spectra and responding element 
ultimate points as shown in Fig. 4 - 42. 
The comparison between the order in which the elements in the pushover analysis 
reach their ultimate deformation and the damage class of these elements in real life can 
be seen in Fig. 4 - 43. Shear elements which reaches their ultimate deformation early (S1, 
S2, S3) have higher damage classes (III ~ IV) in real situation; on the other hand, flexural 
elements (F5, F6), the last two elements that reach their ultimate deformation, have lower 
damage class in real situation (I ~ II). The result of pushover analysis generally reflect 
the process in which the structure gradually collapses in real situation. In the real situation, 
columns with wing walls at K-15 and K-22 suffer from bigger damage. In the pushover 
analysis, these columns also reach their shear ultimate state early. Though some of them 
do reach their ultimate deformation in the pushover analysis, they have low damage class 
in real situation. In general, the result of pushover analysis generally reflect the process 
in which the structure gradually collapses. 
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The results of SCI at each ultimate element point, together with the saw-tooth 
capacity spectrum acquired through connecting each capacity spectrum in Fig. 4 - 42, are 
shown in Fig. 4 - 44. Structural dominant failure mode can be determined using Equation 
(4.2), 
 0.49 1.04 1
0.47
S
d
F
M 

    ,  
The structure was then judged to be shear dominant structure. However, acturally, as 
mentioned in 4.3.3, the shear elements only account for a small portion of the 
structure.This shows that though only a small proportion of a structure’s elements are 
shear elements, it is still possible that this structure is dominated by shear failure.The 
judgment index larger than 1 but close to 1. The structure is at a verging state between 
shear dominant and flexure dominant. The shear ultimate point corresponding to the αS is 
decided to be the safety limit, and the SCI at safety limit of the structure is considered as 
the αS. 
As described in 2.2.1, for each flexural and shear element, after they are damaged, 
we reduce the ultimate strength and deformation in their restoring force-deformation 
model according to their damage classes. By doing this, we work out the damaged 
element models, based on which we can further establish damaged structural model. As 
shown in Fig. 4 - 45, we can work out damaged capacity spectrum and SCI at each 
element ultimate points by replacing the failed shear elements. These damaged structure 
shares the same dominant failure mode with the intact ones. Therefore, this study adopts 
the largest SCI among the shear element ultimate points to be the DαS and calculate the R 
as， 
 0.28 0.57
0.49
D S
S
R 

   .  
According to the reference [2], damage level of the target structure is decided to 
be around severe and moderate. This evaluation result demonstrates that，for shear 
dominant structure, even when they do not account for the large portion of the total 
number of the elements, they can still cause an observable decline in the structure’s 
residual seismic capacity when their damage levels are high, 
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(a) 
 
 
(b) 
Fig. 4 - 43 Progressive collapse sequence of building elements  
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(c) 
Fig. 4 - 43 (continued) 
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Fig. 4 - 44 Total intact capacity spectrum and SCI curves 
 
 
Fig. 4 - 45 Total damaged capacity spectrum and SCI curves 
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Fig. 4 - 46 Failure mode performance point and boundary line 
 
4.6.2 Evaluation by internal work based method 
According to 4.2.2, residual seismic capacity of the classroom building C was 
evaluated by internal work based method. The structural collapse mechanism was 
considered to be first story collapse based on the concentration of damage at the columns 
on the first floor. Therefore, in the internal work based method, only columns on the first 
floor are considered. As for the correction factor, βDj, for distribution of story drifts along 
the structural height, is 1 for all of the columns considered here. 
According to ultimate shear force of the shear elements and ultimate bending 
moment of the flexural elements, as well as their clear span, correction factor for the clear 
span, βLi, j and seismic capacity reduction factor, ηWSi, j , can be determined.  
The structural dominant failure mode was determined by estimating the judgement 
index, Md, according to the simplified method presented in 3.4.2, the strength ratio, γa, 
was be calculated as,  
 0.5 1.72ui ia
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
.  
Among the flexural columns, the minimum ratio of their clear span to the story height is 
2030/3600 at the column L-17. For shear elements, the value is 530/3600 at column L-
13. The collapse mechanism was first story collapse. Considering the fact that when 
reaching the shear element ultimate point, flexural elements have not experienced 
yielding, the structure is close to an elastic state. Thus，displacement distribution along 
the structural height are basically the same, the equivalent height at the shear element 
ultimate point was approximately estimated as, 
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 
.   
While at the flexural element ultimate point, collapse mechanism of the structure has 
formed due to yielding of the flexural columns. First story collapse mechanism means the 
displacement also concentrates on the first story.  Not taking the displacement on the 
second and third floor into account, we can approximately estimate the equivalent height 
as,  
 
2 2 21 1 1 1
1 1 1eF
H   
 
   
Therefore, the displacement ratio, γd, was be calculated as, 
   
0
0
min
0.4 0.24
min
Si Si eS
d
Fi Fi eF
h h H
h h H
    .  
Meanwhile, the height of the structure is 10.80m. We use seismic response spectrum of 
the second-type site, whose corner period TC is 0.864s. Then the period-damping ratio, γh, 
can be calculated as,  
 0.6 1.71
0.028
C
h
T
H
   .  
Based on the three factors (γa, γd, γS) determined above, the judgement index of 
structural dominant failure mode, Md, is estimated to be, 
 1.11d S a dM        
As shown in Fig. 4 - 46, in an coordinate system where the vertical and horizontal 
axis depicts respectively the values of γa and γd, position of the failure mode boundary 
line and the performance point (which can be determined by pushover analysis and 
estimated by the proposed simplified method) are compared. We can see that the 
simplified method demonstrates a better accuracy in its estimation of γa, γd and γS. 
As we can see in the figure, although γa is not very high, because number of the shear 
elements was less than the flexural ones. However, because the low-rise Building C has 
short period which makes the failure mode boundary line be quite low, finally the failure 
mode performance point slightly exceeds the boundary line, and enters the shear dominant 
area. The building C is close to a verging state between shear dominant state and flexural 
dominant state. 
After the dominant failure mode of the structure is considered to be 为 shear failure，
we can set the value of correction factors for flexural and shear failure mode, βF and βS, 
to 0.5 and 1 respectively. The residual seismic capacity ratio R can be calculated as 
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4.6.3 Evaluation by standard method 
According to 4.2.3, the current standard method was utilized for evaluation. For the 
weighted coefficient of each element, we only considered the strength of each element. 
After the collapse mechanism of the structure is considered to be first story collapse，
using Equation (4.24) ,we can calculate the residual seismic capacity ratio as 
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4.6.4 Investigation on evaluation result 
The evaluation results of the above-mentioned three methods are compared in Fig. 4 
- 47. We can see that based on the residual seismic capacity ratio acquired through using 
response spectrum based method, the damage level of this structure is classified into the 
bordering level between “moderate” and “severe”. This value can be used as the reference 
value of other evaluation result. The estimation value acquired by using proposed internal 
work based method is 3.5% lower than the reference value. It’s a conservative estimation 
with high accuracy. The estimation value acquired by using current standard method is 
5.3% higher than the reference value. It is a slightly larger estimation. These two 
estimation results are all conservative estimation of the reference value, and the internal 
work based method has higher accuracy compared with the current standard method. 
 
 
Fig. 4 - 47 Comparison of R results from the three evaluation methods 
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(a) Current standard method  
 
(b) Internal work based method 
Fig. 4 - 48 Comparison of the elements weighting coefficient 
 
As to the weighting coefficients of each elements: for the columns considered in the 
internal work based method and current standard method, we can calculate their reference 
values using Equation (4.16) and Equation (4.17). Then, we compare the following three 
factors: the reference values, weighting coefficients used in internal work based method 
(as shown in Equation (4.21) and Equation (4.22)) and the strength of each element in 
current standard method.. At this time, the weighting coefficients in both the internal work 
based method and the current standard method are all normalized. As we can see in the 
0
0.02
0.04
0.06
0.08
0 0.02 0.04 0.06 0.08
Flexure element
Shear element
iE
In
te
rn
al
 w
or
k 
ba
se
d 
m
et
ho
d 
(n
or
m
al
iz
ed
)
Reference value (normalized)
iE
0
0.02
0.04
0.06
0.08
0 0.02 0.04 0.06 0.08
Flexure element
Shear element
iE
In
te
rn
al
 w
or
k 
ba
se
d 
m
et
ho
d 
(n
or
m
al
iz
ed
)
Reference value (normalized)
iE
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
 
4-81 
 
figure, for lecture building C, the weighting coefficients of each element in internal work 
based method and current standard method, are all very close to the reference values--the 
proportional relationship among each element’s hysteretic energy dissipation using 
pushover analysis.The weighting coefficient of each element are basically the same in the 
two methods, which results in a similar evaluation result of the R in the two methods. 
Like the lecture building A, the structure dominated by shear failure mode reaches their 
safety limit at a small displacement, therefore, the influence from deformation and 
damping capacity of the elements on their weighting coefficients is not significant. That 
is why the elements’ weighting coefficients do not change a lot between the internal work 
based method and the current standard method.  
 
 
Fig. 4 - 49 Comparison of element classification proportions between the methods 
 
Fig. 4 - 49 shows the proportional relationship between the weighting coefficient of 
the flexural elements and that of the shear elements. The target structure is at a verging 
state between shear dominant state and flexural dominant state. The weighting coefficient 
of its shear element account for 50% ~ 60% of all the elements. Moreover，the weighting 
coefficients of element in internal work based method and current standard method are 
16.3% and 7.3% bigger than the reference value respectively. Though deviations do occur，
it does not influence the estimation accuracy of these methods a lot.  
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4.7 Investigation on virtual classroom building D 
This section is an investigaton on the virtual classroom building D. The virtual 
classroom building D is a hypothetic building where the function of the slits in this 
classroom building is brough to full play, which lead to a change of failure mode: the 
failure modes of some columns are changed fromshear failure to flexural failure. The 
investigation here is to find the influence of these slits on estimation accuracy of the 
internal work based method and the current standard method. 
 
4.7.1 Evaluation by response spectrum based method 
 
 
Fig. 4 - 50 Progressive capacity spectrum curves as elements fail 
 
Firstly, to determine the structural dominant failure mode, according to 4.2.1, the 
intact structural model was established and the intact capacity spectrum was then obtained 
by the same procedure. The series of capacity spectra obtained by upgrading the structural 
models and the corresponding element ultimate pointe are shown in Fig. 4 - 50.  
In the pushover analysis, the relationship between the order in which elements 
reaches their ultimate deformation and their damage classes in real situation are shown in 
Fig. 4 - 36. Shear elements which reaches their ultimate deformation early (S1, S2) have 
higher damage classes (III ~ V) in real situation; on the other hand, flexural elements (F5, 
F6), the last two elements that reach their ultimate deformation, have lower damage class 
in real situation (0~ II). The result of pushover analysis generally reflect the process in 
which the structure gradually collapses in real situation. Because of the slits, shear 
elements are turned into flexural elements. Their deformation capacity experiences a huge 
life. in the whole pushover analysis process, these elements never reach their ultimate 
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deformation (the Sa of capacity spectrum falls until it is below the 80% of the first flexural 
element ultimate point’s Sa).  
Table 4 - 11 describes the calculation process of each ultimate element’s SCI. The 
results of this calculation process, together with the saw-tooth capacity spectrum acquired 
through connecting each capacity spectrum in Fig. 4 - 42, are shown in Fig. 4 - 29. 
Structural dominant failure mode can be determined using Equation(4.2), 
 0.42 0.74 1
0.57
S
d
F
M 

    ,  
The structure was then judged to be shear dominant structure. This illustrate that: By 
effectively building slits, we can change the clear span of the columns, thus changing the 
failure mode of the element. Then, we can further change the dominant failure mode of 
structures.From the value of Md, we can infer that: though also dominated by flexure 
failure mode like the research building B, Building D possesses better shear elements than 
building B. The flexural element ultimate point corresponding to the αF is decided to be 
the safety limit, and the SCI at safety limit of the structure is considered as the αF. 
As described in 2.2.1, for each flexural and shear element, after they are damaged, 
we reduce the damage in their restoring force-deformation model according to their 
damage classes. By doing this, we work out the damaged element models, based on which 
we can further establish damaged structural model. As shown in Fig. 4 - 30 and エラー! 
参照元が見つかりません。, we can work out damaged capacity spectrum and SCI at 
each element ultimate points by replacing the failed shear elements. These damaged 
structure is considered to have the same dominant failure mode like the intact ones. 
Therefore, this study uses the SCI at the first flexural element ultimate point as the DαS, 
and calculate the R as， 
 0.53 0.93
0.57
D S
S
R 

   .  
According to the reference [2], damage level of the target structure is decided to be minor. 
Based on this evaluation result, under the same earthquake, we can effectively set slits, it 
is possible to significantly enhance the structural residual seismic capacity through 
changing the dominant failure mode of structures. 
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(a) 
 
 
(b) 
Fig. 4 - 51 Progressive collapse sequence of building elements  
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(c) 
Fig. 4 - 51 (continued) 
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Fig. 4 - 52 Total intact capacity spectrum and SCI curves 
 
 
Fig. 4 - 53 Total damaged capacity spectrum and SCI curves 
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Fig. 4 - 54 Failure mode performance point and boundary line 
 
4.7.2 Evaluation by internal work based method 
Residual seismic capacity of the classroom building D was evaluated by internal 
work based method according to 4.2.2. The structure still collapsed in first story collapse 
mechanism in the pushover analysis. Therefore, we still hypothesize that building D 
possesses first story collapse mechanism. Therefore, in the internal work based method, 
we only consider columns on the first floor, for which the correction factor, βDj, for 
distribution of story drifts is considered as 1. 
By using ultimate shear force of the shear elements and ultimate bending moment 
of the flexural elements, as well as their clear span, correction factor for the clear span, 
βLi, j and seismic capacity reduction factor, ηWSi, j are determined. Height of the first story, 
like building C, is 3600mm. Using this and the clear span of the columns, we can calculate 
the βLi, j of each element. For columns with effective slits, their clear spans need to take 
into consideration the growth in value due to the installing of slits. 
According to the simplified method presented in 3.4.2, the structural dominant 
failure mode was determined by estimating the judgement index, Md. According to the 
ultimate strength and clear span of the elements, the strength ratio, γa, was be calculated 
as,  
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Same with the building C, among the flexural columns, the minimum ratio of their clear 
span to the story height is 2030/3600 at the column L-17. For shear elements, the value 
is 530/3600 at the column L-13. The equivalent height at shear and flexural element 
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ultimate point are also same with the building C.  
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1 1 1eF
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Therefore, the displacement ratio, γd, is also same with the building C, 
   
0
0
min
0.4 0.24
min
Si Si eS
d
Fi Fi eF
h h H
h h H
    .  
The seismic response spectrum adopted by the height of the strucutre remains the 
same. Then the period-damping ratio, γh, was similarly calculated as,  
 0.6 1.71
0.028
C
h
T
H
   .  
Based on the three factors (γa, γd, γS) determined above, the judgement index of 
structural dominant failure mode, Md, is estimated to be, 
 0.87d S a dM        
In an coordinate system where the vertical and horizontal axis plot respectively the 
values of γa and γd, position of the failure mode boundary line and the performance point 
(which can be determined by pushover analysis and estimated by the proposed simplified 
method) are compared as shown in Fig. 4 - 54. We can see that the simplified method 
demonstrates a better accuracy in its estimation of γa, γd and γS.  
From the figure, dominant failure mode of the building D changed from shear failure 
to flexural failure because of reduction in γa, and this comes from an effective installation 
of slits, which changed a part of the shear columns to be flexural ones. As a result, the 
failure mode performance point reduced and entered the flexural dominant area. On the 
other hand, comparing with the building B (Fig. 4 - 39), position of the failure mode 
performance point of these two structure are quite close, which means that: In the capacity 
spectrum of the two structure, the proportion of the spectrum acquired from flexural 
elements and proportion of spectrum acquired from shear elements are at the same level. 
However，since building D has shorter period, the failure mode boundary line for building 
D is lower. Besides, its failure mode performance point is much closer to the boundary 
line. This means that: although both building C and building D are dominated by flexural 
failure mode, the low-rise building D is closer to shear failure dominant state than 
building C. 
After the dominant failure mode of the structure is considered to be flexural failure, 
we can set the value of the correction factors for flexural and shear failure mode, βF and 
CHAPTER 4 Application of Proposed Methods on Real Damaged Buildings 
 
4-89 
 
βS, to 1 and 0.33γd，respectively. We have already known the value of γd is 0.24，so the 
value of βS is 0.08.The residual seismic capacity ratio R can be calculated as 
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4.7.3 Evaluation by standard method 
Residual seismic capacity ratio was also evaluated by the current standard method 
according to 4.2.3. For the weighted coefficient of each element, we only consider the 
strength of the element。After the collapse mechanism is considered to be first story 
collapse，using Equation (4.24) , we can calculate the residual seismic capacity ratio as 
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4.7.4 Investigation on evaluation result 
The evaluation results of the above-mentioned three methods are compared in Fig. 4 
- 55. We can see that based on the result of conducting response spectrum based method, 
the damage level of this structure is classified to be at the bordering level between “minor” 
and “moderate”. This value can be used as the reference value of other evaluation result. 
The estimation value acquired by using proposed internal work based method is 5.4 % 
lower than the reference value. The structure is at a minor damage level. The estimation 
value acquired by using current standard method is 23.7% lower than the reference value. 
The structure is at a moderate damage level. Therefore, we can see that the structural 
residual seismic capacity is underestimated by the current standard method. However, 
result of the proposed internal work based method is a more accurate and also 
conservative estimation. 
As to the weighting coefficients of each elements: for the columns considered in the 
internal work based method and current standard method, we can calculate their reference 
values using Equation (4.16) and Equation (4.17). Then, we compare the following 
factors: the reference values, weighting coefficients used in internal work based method 
(as shown in Equation (4.21) and Equation (4.22)) and the normalized element strengths 
of the elements (which are used as weighting coefficients of the elements) in current 
standard method.  
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Fig. 4 - 55 Comparison of R results from the three evaluation methods 
 
As we can see from the figure, for the virtual classroom building D, in the internal 
work based method, the weighting coefficients of the elements correspond well with 
reference values, namely, in this method, the weighting coefficients of the elements 
accurately reflect the proportional relationship of the pushover-analysis -evaluated 
elements’ hysteretic energy dissipation. However, in current standard method, huge 
deviations do exist between the weighting coefficients and their reference values. The 
weighting coefficient of the shear elements is largely overestimated by the current 
standard method. This is because: when the structures dominated by flexural failure mode 
reaches their safety limit, that is the flexural element ultimate point, the shear elements 
have already failed and the flexural elements have large deformation and equivalent 
viscous damping, the difference in deformation and damping capacity between the 
flexural and shear elements becomes considerable. However, the current standard method, 
when consideing the weighting coefficients of the elements, only considers their strength 
while ignore the fact that both the deformation capacity and the damping of shear 
elements are smaller that those of the flexural elements. As a result, when shear elements 
and flexural elements have same strength, the hysteretic energy dissipated by the shear 
elements are much lower than that of the flexural ones. On the other hand, by introducing 
the correction factors for flexural and shear failure mode, the internal work based method 
take the difference in deformation capacity and damping into consideration. As a result, 
this method evaluate the hysteretic energy dissipation of each element—or the weighting 
coefficients of the elements in other word—in a more accurate way. The current standard 
method overestimate the weighting coefficients of the shear elements with high damage 
level. Consequently, the evaluation result of the residual seismic capacity ratio is too small. 
However, the proposed internal work based method accurately evaluates the weighting 
coefficients of both the flexural and shear elements, thus demonstrate higher estimation 
accuracy. 
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(a) 
 
 
(b) 
Fig. 4 - 56 Comparison of the elements weighting coefficient 
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Fig. 4 - 57 Comparison of element classification proportions between the methods 
 
Fig. 4 - 498 shows the proportional relationship between the weighting coefficient of 
the flexural elements and that of the shear elements. The target structure is dominated by 
flexural failure mode. The weighting coefficient of this structure’s shear element account 
for over 90% of all the elements. In the internal work based method, the weighting 
coefficients of flexural elements are very close to the reference value. In the current 
standard method, however, the weighting coefficients of the flexural elements are 38.3% 
larger than the reference value. All these further demonstrate that: in general, the current 
standard method largely overestimate the weighting coefficients of the shear elements, 
which results in large deviation in its estimation result. 
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4.8 Investigation on damaged building B 
This section will compare and comment on the evaluation results of the residual 
seismic capacity of the aforementioned three real damaged buildings and one virtual 
damaged building. It aims to discuss the relationship between the the structural dominant 
failure mode and effectiveness of two simplified methods, the proposed internal work 
based method and the current standard method. 
 
4.8.1 Judgement index of dominant failure mode  
First of all, it is the judgment result of dominance destruction mode. Strength, 
deformation ability, cycle, etc. of the target building are different, and there are variations 
in proof stress, deformation ability and attenuation of each member among the detailed 
models of the building used for the response spectrum method. On the other hand, Md 
calculated by manual calculation is almost consistent with the analysis result of the 
response spectrum method, with the inner workman method based on various 
assumptions. 
The capacity spectra of the evaluation subjects (3 real damaged buildings and 1 
virtual damaged building) can be found in Fig. 4 - 58. As we can see, low-rise building A 
possesses the shortest period. After the failure of the shear elements, strength of the 
structure nearly is nearly all gone. The deformation capacity of the structure is the 
smallest, too. As mentioned in 4.4, the building A is a typical shear dominant structure. 
Contrary to Building A, the middle-rise building B has the longest period. After the failure 
of the shear element, strength of the structure only declines a little. The flexural elements 
of the structure can still maintain considerable strength and deformation capacity. As 
mentioned in 4.5, the building B is a typical flexure dominant structure. Likewise, the 
building C has a relatively short period. However, different from the building A, after the 
failure of the shear elements, the structural strength of Building C only decline around 
50%. The part of Building C consisted of flexural elements shows some deformation 
capacity. Therefore, even though it is judged to be dominated by shear failure mode, 
Building C is actually at a verging state between two types of dominant failure mode. In 
the virtual building D, some shear elements of building C are changed to flexural elements 
with slits. Therefore, in the capacity spectrum, the strength displayed by shear elements 
declines. However, after the failure of the shear elements, the strength displayed by 
flexural elements grows. Therefore, the dominant failure mode of the structure changes 
to flexural failure mode in the end. 
In Fig. 4 - 59, two factors are compared: the first one, dominant failure mode 
judgement index, Md in the proposed response spectrum based method—an index based 
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on the structural capacity spectra and is acquired by using Equation (4.2); the second one, 
the estimation result of the simplified method in the proposed internal work based method. 
We can see that: The Md of Building A—a typical shear dominant structure—is much 
bigger than 1. On the contrary, the Md of Building D—a typical flexural dominant 
structure—is much smaller than 1. The building C is dominated by shear failure mode. 
However, it is at the verging state of these two dominant failure mode. Accordingly, the 
Md of Building C is slightly bigger than 1. Moreover, because of its effective installation 
of slits, Building D changes its dominant failure mode to flexural failure mode. 
Accordingly, the Md of Building D is lowered to less than 1. 
 
 
Fig. 4 - 58 Comparison of capacity spectrum curves for the four buildings 
 
 
Fig. 4 - 59 Comparison of Md values for the two methods 
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Using the Md based on capacity spectra as reference values, we can verify the 
accuracy of the proposed internal work based method in its estimation of the value of this 
Md . In case of these four buildings, estimation values of Md by the simplified method are 
all bigger than the reference value. That is to say, these estimation are all conservative 
estimation. The biggest estimation error is around 20%. 
 
4.8.2 Residual seismic capacity ratio  
In Fig. 4 - 60, the evaluation results of the three evaluation methods on the residual 
seismic capacity ratio of the four buildings. For structures dominated by shear failure 
mode, the evaluation results of the response spectrum based method show that buildings’ 
damage levels are around the borderline of severe damage and moderate damage. At the 
meantime, results of the internal work based method and the current standard method also 
demonstrate that the structural damage level is the same. Both these two simplified 
evaluation method show similar estimation accuracy on shear dominant structures. 
 
 
Fig. 4 - 60 Comparison of R values for the three methods 
 
On the other hand, for structures dominated by flexural failure mode, in Fig. 4 - 60, 
the evaluation results of the building D and building B using response spectrum based 
method show that the damage level of buildings is around the border between minor and 
slight damage level. Meanwhile, the results of internal work based method show that the 
damage levels are in the minor level. However, according to the evaluation results of the 
current standard method, the building D is in moderate damage level, and the building B 
is around the border of moderate and minor damage level. From the above discussion, we 
see that estimation accuracy of the proposed internal work based method is better than 
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the current standard method, and the current standard method may give too conservative 
estimation relative to the reference values. Especially when the flexural dominant 
structures has relatively high Md, and is close to the border between the two dominant 
failure mode, the estimation error of current standard method will become bigger. 
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4.9 Summary  
In this chapter, the proposed response spectrum based method, the simplified internal 
work based method and current standard method are applied to actual damaged buildings 
by Great East Japan Earthquake, in order to verify the effectiveness of the simplified 
method. The major findings in this chapter can be summarized as below. 
 
1) About the proposed response spectrum based method : 
 - By accurate modeling of the element models of the structure, highly detailed results of 
residual seismic capacity (R) were obtained. 
- The effects of dominant failure mode of actual damaged buildings on R were 
investigated. If the structure is dominated by flexure failure mode, the shear failure of 
some elements do not have much effect on the values of R. 
 
2) About the comparison between the simplified internal work based method and the 
response spectrum based method : 
- The results by the simplified internal work based method were found to agree well with 
those by the response spectrum based method, and the validity was verified.   
- In addition to the values of R, the judgement index values (Md) by the simplified 
method showed good agreement with those by the response spectrum based method. 
The dominant failure modes of the damaged buildings could be successfully judged by 
the simplified method. 
 
3) About comparison between the simplified internal work based method and the current 
standard method : 
 - If the shear failure mode is dominant in the damaged structure, calculated values of R, 
in the simplified internal work based method and the current standard method, tend to 
be almost the same.  
- However, in case that the flexure failure mode is dominant, evaluated R by the simplified 
internal work based method showed better accuracy than those by the current standard 
method. The simplified internal work based method, proposed in this study, was found 
to be significantly effective and useful especially for the buildings with flexural failure 
mode.  
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Chapter 5 
Summary 
 
 
In Japan, a residual seismic capacity evaluation procedure has already been recommended 
by the Standard of Damage Evaluation of Seismic Damaged Buildings, which has been 
widely applied in the past earthquakes. In the procedure, the seismic capacity 
deterioration of the elements in different damage levels are considered by the seismic 
capacity reduction factor, η. Then the residual seismic capacity ratio of the structure, R, 
is calculated by weighted average of η of the elements, and the weighting coefficient of 
each element is considered to be the ultimate strength. That means, in this standard 
method, performance deterioration of the damaged elements is simply considered as 
strength deterioration, and the contribution of each element to the structure is considered 
only by their strength. However, the deterioration due to damage is considered to occur 
by not only the strength but also the deformation and damping capacity of the elements. 
Because of this, although the standard evaluation method has been applied on a large 
number of damaged buildings in the past earthquakes, there were still a number of 
buildings on which the application of the standard evaluation method was difficult, such 
as the buildings composed of elements with different failure modes and having 
ambiguous collapse mechanism.  
The main objective of this research is, therefore, to upgrade the residual seismic 
capacity evaluation method of the current standard for higher accuracy and wider range 
of application. The target buildings considered in this research is mainly the seismic 
damaged reinforced concrete (RC) buildings that collapse in total collapse mechanism, 
story collapse mechanism and partial collapse mechanism, and composed by both of the 
elements with flexure and shear failure mode. That is, compared with the standard method, 
the upgraded methods proposed by this research is considered to be effective for a wider 
range of damaged building. For this purpose, two levels of method for the residual seismic 
capacity evaluation are proposed and investigated, namely the detailed evaluation method 
based on seismic response spectrum by using pushover analysis, and the simplified 
evaluation method based on the internal work of structure without need of numerical 
analysis. By taking the results of the response spectrum based method as the reference 
value of residual seismic capacity ratio, the proposed simplified method is demonstrated 
to be more effective than the standard method by taking the influence of deformation and 
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damping capacity into consideration. The proposed simplified method are finally applied 
on the real seismic damaged buildings to demonstrate its applicability. 
Major finding in each chapter of this thesis is as follows. 
 
Chapter 1: Introduction 
This chapter presented the background, objective and significance of this research. 
The necessity of post-earthquake residual seismic capacity evaluation was emphasized. 
Based on this, development of the residual seismic capacity evaluation methods in abroad 
and Japan was briefly reviewed, and the evaluation method adopted in the current damage 
evaluation standard of Japan was described. From experimental data of the RC column 
and the real damage state of the school building damaged in the Great East Japan 
Earthquake, the limitations existing in the current standard method were explained, that 
is considering the performance deterioration of the damaged elements only by their 
strength, and ignoring the influence of different deformation and failure mode among the 
elements. These limitations may lead to inappropriate evaluation for the structures 
composed of elements with different failure mode. Aiming at this problem, the research 
objective was presented as to develop residual seismic capacity evaluation method which 
is effective for the RC buildings composed of both flexural and shear elements. Then, 
outline of the research approach, as well as organization of this thesis, was introduced. 
Finally, some of the related previous researches which concern structural residual seismic 
capacity, performance deterioration of damaged elements and seismic capacity evaluation 
for structures compose by flexural and shear elements, are briefly reviewed. 
 
Chapter 2: Response spectrum based residual seismic capacity evaluation method 
The detailed evaluation method based on response spectrum is presented and 
investigated in this chapter. At first, the evaluation procedure for the structure only 
composed of flexural elements were described. The deterioration in strength, deformation 
and damping capacity due to seismic damage are considered by modifying the damaged 
elements’ models with seismic performance reduction factors for strength, deformation 
and damping capacity. In the next, this procedure was expanded to be applicable for the 
structures composed of both flexural and shear elements. Based on the seismic capacity 
indicators (SCIs) at shear and flexural element ultimate point, which are defined as s and 
f, the judgement index of structural dominant failure mode, Md, was defined, and 
according to Md the structures are judged to be dominant by flexural or shear failure mode. 
The structural residual seismic capacity ratios are then calculated according to dominant 
failure mode of the structures. Then, definition and determined values of the seismic 
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performance factors given by the previous research, which will be utilized for the detailed 
and simplified evaluation methods in this study, were reviewed.  
After that, for the discussion on the characteristics of structural residual seismic 
capacity ratio, R, based on single degree of freedom (SDOF) system, influence of 
response spectrum characteristics and structure characteristics on R were investigated. It 
is found that effect of the deterioration in strength, deformation and damping capacity on 
R are influenced by the ground motion characteristics. At the same time, with the increase 
of earthquake intensity, R of structures with different characteristics decrease in different 
way.  
At last, evaluation results of the response spectrum based method were compared 
with the residual seismic capacity ratio evaluated by using nonlinear dynamic analysis, 
based on SDOF systems. In the results of dynamic analysis, significant dispersion was 
observed among different ground motions. On the other hand, results of the response 
spectrum based method were found at the lower boundary of the dynamic analysis results, 
regardless of changes of the SDOF systems. Considering the difficulty of carrying out 
dynamic analysis on frame models including shear elements, in the following chapter, 
evaluation results of the response spectrum based method, using frame models, were 
taken as the reference values of R. 
 
Chapter 3: Internal work based residual seismic capacity evaluation method 
As the final goal of this study, the simplified method based on internal work was 
proposed and verified in this chapter. At first, seismic capacity reduction factors of 
damaged structural elements were redefined based on hysteretic energy dissipation, in 
which strength, deformation and damping capacity of the elements can be all considered. 
In the next, correction factors of elements’ weighting coefficients were introduced in 
order to consider the influence from various element deformations (βL, βD) and different 
element failure modes (βS, βF). To judge the structural dominant failure mode without 
pushover analysis, the simplified method for estimating the judgement index, Md, was 
proposed. After failure mode and damage class of the elements, as well as collapse 
mechanism of the structures, are determined in the post-earthquake investigation, based 
on the information such as strength, sizes and the correction factors of each element, the 
R can be calculated without pushover analysis. 
Then, estimation accuracy of the proposed internal work based method was verified 
by comparing its results with the reference values given by the response spectrum based 
method, as well as results of the current standard method. Based on series of frame models 
composed only by flexural elements, estimation accuracy of the internal work based 
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method and effectiveness of the element deformation correction factors (βL, βD) were 
verified. Without consideration of the various element deformation (βL, βD), the current 
standard method may overestimate R. Also, estimation accuracy of the internal work 
based method and effectiveness of the failure mode correction factors (βS, βF) were 
verified, based on series of frame models composed of both flexural and shear elements. 
It is found that the current standard method may underestimate R by ignoring influence 
of the different failure modes. Furthermore, the weighting coefficient of each elements in 
the internal work based method were considered more appropriately due to those 
correction factors. 
 
Chapter 4: Application of residual seismic capacity evaluation methods on the real 
seismic damaged buildings 
In order to show the applicability of the proposed response spectrum based method 
and internal work based method on real damaged buildings, as well as higher 
effectiveness of the internal work compared to the current standard method, these three 
evaluation methods were applied on the actual damaged RC buildings. Three actual RC 
buildings damaged in the Great East Japan Earthquake, as well as one more virtual 
damaged building, were investigated. Application procedures of the evaluation methods 
on real damaged buildings were described at first. Then, the necessary structural and 
damage information of those buildings were explained.  
The low-rise building A, where most of the elements failed in shear, was judged to 
be typical shear dominant structure by Md and its residual seismic capacity was found to 
be reduced significantly due to severe damage of shear elements. On the other hand, the 
middle-rise building B, with less shear elements and global collapse mechanism, was 
judged to be typical flexure dominant structure and it could still keep high residual 
seismic capacity even after some of the shear elements were severely damaged. In the 
case of building C, although the shear elements were not dominant in number, due to the 
other factors such as short period and story collapse mechanism, the building was judged 
to be dominated by shear failure mode. Its residual seismic capacity was reduced a lot 
due to severe damage in the shear elements. In the virtual damaged building D, some of 
the shear elements of building C were replaced by flexural ones by assuming the slits, 
between some columns and sill walls, functioned effectively. Because of this, the 
structural dominant failure mode changed from shear failure to flexure failure, and it is 
shown that the residual seismic capacity is possible to be significantly enhanced through 
the effective slits.  
Even though the damaged buildings are different in dominant failure mode and 
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collapse mechanism, in the proposed internal work based method, the values of 
judgement for dominant failure mode, Md, were estimated accurately and conservatively, 
by the simplified method. At the same time, the residual seismic capacity ratio, R, 
estimated by the internal work method also had higher accuracy than the current standard 
method which tended to underestimate R of the flexure dominant structures. Estimation 
error of the current standard method was found to become bigger, when the value of Md 
is close to 1. 
 
Chapter 5: Conclusion 
In this chapter, the major findings in Chapter 2, 3 and 4 were summarized, and the 
suggestion for future research was presented.  
In this study, the nonlinear dynamic analysis of SDOF systems was employed to 
validate the response spectrum based method. Thus, the mode shape was mainly focused 
on 1st vibration mode, but the influence of higher modes may become significant due to 
the height increase and local yielding of the buildings. In order to include such influence 
of higher modes, the study should be extended to multi degree of freedom (MDOF) 
systems or frame models composed of flexural and shear elements. Also, in the response 
spectrum based method, the safety limit of the structures are defined as the state in which 
the structure losses its lateral load bearing capacity. For a more comprehensive and 
accurate evaluation of residual seismic capacity, further works are still required to 
consider the safety limit related to axial collapse (the “second kind of structural 
elements”). Besides, beyond the three actual damaged buildings investigated in this thesis, 
the proposed internal work based method with various assumptions should be applied on 
more damaged buildings having diverse characteristics, in order to further verify its 
effectiveness and applicable scope. 
 
APPENDIX 1 
 
A1-1 
 
Appendix 1 
Formulas Used in Setting Structural Element Models  
 
 
(1) The ultimate flexural strength of columns shall be calculated with Eq ( ). 
For 0.4 0Cb D F N     
=0.8 0.5 1u y
C
N
M a D N D
b D F

 
     
  
ｔ (A1.1-1) 
Where Nmax = Axial compressive strength C g yb D F a      (N). 
      Nmin = Axial tensile strength yga     (N). 
      N = axial force (N). 
aｔ= Total cross sectional area of tensile reinforcing bars (mm
2). 
ga = Total cross sectional area of reinforcing bars (mm
2). 
b = Column width (mm). 
D = Column depth (mm). 
y =Yield strength of reinforcing bars (N/mm
2). 
FC = Compression strength of concrete (N/mm2). 
 
 
(2) The calculation toward shear ultimate strength of column 
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0
0.053 (18 F )
0.85 0.1
/ (Q ) 0.12
t C
su w s wy
p
Q p b j
M d
 
 
      
  
 
Where tp  = Tensile reinforcement ratio (%). 
       wp = Shear reinforcement ratio, 0.012    0.012w wp for p  .  
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       s wy =Yield strength of shear reinforcing bars (N/mm
2). 
       0 =Axial stress in column (N/mm
2). 
       d =Effective depth of column, D-50mm may be applied.  
       
Q
M
=Shear span length. Default value is 0
2
h
. 
 0h =Clear height of the column. 
       j = Distance between centroids of tension and compression forces, Default value 
is 0.8D. 
 
 
 
(3)  Ultimate flexural strength. 
  
2
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Where aｔ= See Figure A3-4.  
e
A
b
L
 
  
      A  = Total cross sectional area of column and wing wall, 
       L= Total depth of the column with wing wall, 
         = Wing wall length in compressive side divided by D, 
       Other notations are according to Eq.(A1.1-1). 
 
 
(4) Ultimate shear strength 
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Where  te t e ep a b d  ( aｔis decided as figure A3-4) 
APPENDIX 1 
 
A1-3 
 
de = Fistance from the center of the tensile reinforcing bars to the extreme fiber of 
the wing wall in compressive side(mm). 
   we wy w wy e sh sy ep p b b p t b      , 
w wyp   = Product of the shear reinforcement ratio of the column and its yield 
strength (N/mm2). 
sh syp   = Product of the horizontal shear reinforcement ratio of the wing wall and 
its yield strength(N/mm2), 
 0e e eN b j   , 7 8e ej d , 
eb A L ,  
Here, A  =Sum of the cross sectional areas of the columns, and the wing wall in the 
compressive side, and L   = The column depth and the wing wall depth in the 
compressive side, 
0CW
e
hM
Q d L

 
. Here, 0CWh = the inflection height, and L= the total depth including the 
wing wall. 
 
(5) Ultimate flexural strength  
 = 0.5 0.5w u sy w wv wy w wM a l a l N l       ｔ  
Where N =Total axial force in the boundary columns attached to the wall, 
       aｔ, wva  = Cross sectional area of the flexural reinforcing bars of a boundary 
column and the vertical reinforcing bars in the wall, respectively 
(mm2). 
       sy , wy   = Yield strength of the flexural reinforcing bars of a boundary column 
and the vertical reinforcing bars in the wall, respectively (N/mm2). 
       wl  = Distance between the center of the boundary columns of the wall (mm). 
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(6) Ultimate shear strength 
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1 / (Q ) 3M l    
Where  100te t ep a b l   : Equivalent tensile reinforcement ratio(%). 
aｔ = Cross sectional area of the flexural reinforcement of the boundary column in 
the tension side of wall. 
l  = Wall length. 
eb A l : Equivalent thickness of the wall. 
A  =Cross sectional area of the wall. 
 se h ep a b s   = Equivalent lateral reinforcement ratio (%). 
 ,ha s  = Cross sectional area of a pair of the lateral reinforcement and its spacing, 
respectively. 
wy  = Yield strength of lateral reinforcing bar， 
 0e eN b s   : Axial stress. The 0e  shall not greater than 8N/mm
2.  
ej  = Distance between centroids of tension and compression forces, and may be 
taken as  or 0.8e wj l l . 
/ QM  = In case of no special study, the inflection height of 2Wh  can be applied, 
which is described in the section 3.2.2 of the standard. 
In case that the wall height of 2Wh  is higher than Wl , and there are beams in the 
place where is lower than Wl , the cross sectional area of tensile reinforcement in 
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the beams, tga can be counted into  as sep  as follows. 
tg ygh
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p
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

. 
Where h  = The height from the floor level concerned to the top edge of the beam 
whose flexural reinforcement is counted into tga . 
yg = Yield strength of the flexural reinforcing bars in the beams. 
 
 
(7) 
=1-   
=max ,
i i i
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h l l
h l l

  
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 
 
Where 
i i
w
h l
h l



 = Equivalent opening area ratio. 
h = Story height. 
,  i ih l  = Opening height and length.  
In case that the equivalent opening area ratio is greater than 0.4, the wall shall be 
considered as the column with a wing wall or the wall with a column instead of 
considering as the wall with boundary columns. 
 
(8) Ultimate flexural strength 
0.9u t yM a d    
Where aｔ = Cross sectional area of tensile reinforcing bars (mm
2). 
y  = Yield strength of the tentile reinforcement (N/mm
2). 
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d  = Effective depth of beam (in case of double-layer reinforcement, d shall be 
the distance between the center gravity of reinforcement and the extreme fiber of 
compressive zone). 
 
(9) Ultimate flexural strength of beam with standing or hanging wall 
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Where ,t ta a =See Fig.A4-1(mm). 
     ,y y    = Yield strength of the flexural reinforcing bars in the beam or in the wall 
in tension side (N/mm2). 
CF  = Compressive strength of concrete (N/mm
2). 
t  = Wall thickness in the compression side ( t b  in the case of no wall). 
ed  = Distance between the center of gravity of the tensile reinforcement and the 
extreme fiber of compressive zone (see Fig.4-1) (mm). 
c B  = compressive strain at the concrete strength. 
s y = Yield strain of the flexural reinforcing bars in the beam ( y sE can be used). 
 
(10) Ultimate shear strength 
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Where tp = Tensile reinforcement ratio (%). 
CF = Compressive strength of concrete (N/mm
2). 
      / QM  = Ratio of the bending moment to the shear force at the section where the 
strength is calculated. 1 / (Q ) 3M d     
d = Effective depth of the beam (mm). 
      wp  = shear reinforcement ratio (decimal number). 
wy = Yield strength of shear reinforcing bars (N/mm
2). 
b = Beam width (mm). 
j = Distance between the centroids of the tension and compression portions.  
Default value is ( 7 8 ed ) (mm). 
 
 
(11) Ultimate shear strength of the beam with standing or hanging wall 
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Where 0.5 / (Q ) 2eM d   . 
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tp  = Tensile steel reinforcement ratio (100 /ta bD , defined as Fig A4-2) (%), 
CF = Compressive strength of concrete (N/mm
2), 
ed  = Distance between the center of gravity of the tensile reinforcement and the 
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extreme fiber of compressive zone (see Fig.4-1) (mm). 
wp  = Shear reinforcement ratio of beam.  
sp  = Shear reinforcement ratio of the wall.  
wy = Yield strength of shear reinforcing bars (N/mm
2). 
eb  = Beam width of equivalent rectangle shaped beam. See Fig.A4-2) (mm). 
ej = Distance between the centroids of the tension and compression portions.  
Default value is ( 7 8 ed ) (mm). 
 
 
(12) Inflection height 0CWh  
 
0 0 0 0
0
( ) 0WCW C W C W C
W W C
L
h h h h L L D
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      
 
　　( )
    = 　　
 
where L=Total length including the length of wing walls (DC+LW). 
     WL   = Wing wall length or sum of wing wall lengths(see FigureA3-3), 
DC = Column depth. 
L = standard span length (besides wall), 
0Wh  = Inflection height calculated as the wall with boundary columns, hW0= hW/2.  
Wh  = Height from the floor level concerned to the top of the multi-story wall. 
Here 0W Wh h  at the top story. 
hC0= Inflection height calculated for the column. 0 0 / 2Ch is h . 
h0 = Clear height of the column. Here, when the ultimate flexural strength at the top 
and bottom of the column are different, 0 0 ( )B TC BM Mh Mh    . 
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Appendix 2 
Hysteretic Curve Obtained for Residual Seismic Capacity 
Evaluation 
 
 
 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 1 Model F1 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 2 Model F1 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 3 Model F1 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 4 Model F1 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 5 Model F1 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 6 Model F1 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 7 Model F1 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 8 Model F1 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 9 Model F2 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 10 Model F2 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 11 Model F2 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 12 Model F2 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 13 Model F2 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 14 Model F2 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 15 Model F2 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 16 Model F2 under ground motion Hachinohe-EW 
 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 17 Model F3 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 18 Model F3 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 19 Model F3 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 20 Model F3 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 21 Model F3 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 22 Model F3 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 23 Model F3 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 24 Model F3 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 25 Model S1 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 26 Model S1 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 27 Model S1 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 28 Model S1 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 29 Model S1 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 30 Model S1 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 31 Model S1 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 32 Model S1 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 33 Model S2 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 34 Model S2 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 35 Model S2 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 36 Model S2 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 37 Model S2 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 38 Model S2 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 39 Model S2 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 40 Model S2 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 41 Model S3 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 42 Model S3 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 43 Model S3 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 44 Model S3 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 45 Model S3 under ground motion Mashiki-EW 
 
 
 
APPENDIX 2 
A2-24 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 46 Model S3 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 47 Model S3 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 48 Model S3 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 49 Model SF1 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 50 Model SF1 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 51 Model SF1 under ground motion S01 
 
 
APPENDIX 2 
A2-27 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 52 Model SF1 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 53 Model SF1 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 54 Model SF1 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 55 Model SF1 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 56 Model SF1 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 57 Model SF2 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 58 Model SF2 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 59 Model SF2 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 60 Model SF2 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 61 Model SF2 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 62 Model SF2 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 63 Model SF2 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 64 Model SF2 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 65 Model SF3 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 66 Model SF3 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 67 Model SF3 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 68 Model SF3 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 69 Model SF3 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 70 Model SF3 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 71 Model SF3 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 72 Model SF3 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 73 Model SF4 under ground motion L01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 74 Model SF4 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 75 Model SF4 under ground motion S01 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 76 Model SF4 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 77 Model SF4 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 78 Model SF4 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 79 Model SF4 under ground motion El centro-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 80 Model SF4 under ground motion Hachinohe-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 81 Model SF5 under ground motion L01 
  
APPENDIX 2 
A2-42 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 82 Model SF5 under ground motion L02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 83 Model SF5 under ground motion S01 
 
 
APPENDIX 2 
A2-43 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 84 Model SF5 under ground motion S02 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 85 Model SF5 under ground motion Mashiki-EW 
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(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 86 Model SF5 under ground motion Taft-EW 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 87 Model SF5 under ground motion El centro-EW 
 
 
 
APPENDIX 2 
A2-45 
 
 
(a) Damage class I 
 
(b) Damage class II 
 
(c) Damage class III 
 
(d) Damage class IV 
Fig. A2 - 88 Model SF5 under ground motion Hachinohe-EW 
 
